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Abstract 
 Increases in global food demand have led to an escalation in greenhouse gas 
(GHG) emissions from agricultural production. Increases in the atmospheric 
concentration of these gases have been linked to global warming and climate change. 
The contribution of GHG emissions from agricultural activities has been identified as 
highly significant for both Australia’s and the global GHG budget. Increasing costs 
of synthetic N fertiliser has promoted the recycling of organic residues and agro-
industrial by-products to enhance soil fertility and nutrient supply. Studies outlining 
the effects of these organic materials on GHG fluxes are limited. 
 This study was conducted to investigate the impact of organic amendments 
(OAs) including raw mill mud (MM), composted mill mud (CM), rice husk biochar 
(RB), high nitrogen compost (HC), raw mill mud plus rice husk biochar (MB), and 
crop residues (CR) on GHG emissions, N uptake, N use efficiency (NUE) and 
biomass production. The research was undertaken using soils in subtropical sub-
humid southern Queensland and northern NSW typically under sugarcane but in 
common rotations with grain crops. Greenhouse gas fluxes were measured using a 
combination of static field based chambers and laboratory incubations with temporal 
manual sampling. Data was observed in three field trials: (1) effects of MM, CM, 
RB, MB and HC on GHG emissions, (2) effects of MM, CM, and HC on biomass 
production and NUE, and (3) effects of RB and crop residues on GHG emissions and 
NUE. 
 Changes in water content did not influence CO2 emissions over 60 days of 
incubation but the magnitude of emissions as a proportion of C applied was RB < 
CM < MB < HC < MM. Nitrous oxide emissions were reduced in the clay soil 
compared to the sandy loam soil at all water levels and could be ranked RB < MB < 
MM < CM < HC. Methane emissions and consumption were significantly affected 
by soil type. The application of MM promoted higher CH4 emissions at 75% water- 
filled pore space (WFPS) and above. The application of RB increased CH4 
consumption at low soil moisture contents and decreased CH4 emissions when soil 
moisture levels were more than 75% WFPS.  
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 In a maize field trial, the total fertiliser N recovery (using isotopically 
labelled fertilisers) in treatments amended with OAs was not significantly different 
compared to an unamended control soil. The application of HC (low C/N ratio, high 
mineral N content) resulted in increased plant N uptake and grain yield. Mill mud 
application resulted in decreased grain yield, due to N immobilisation. The 
treatments amended with MM and CM had more than 50% of the total N uptake 
originating from synthetic N fertiliser, 45% from the mineralisation of soil organic 
matter and only 4% from OAs, whereas the treatment amended with HC had 20% of 
the total plant N uptake originated from OAs. The application of maize CR 
significantly reduced N uptake in all treatments and biomass production in a soil with 
a high proportion of sand (75%) but did not affect overall NUE. In this soil, RB 
amendment had no impact on plant growth and N uptake but significantly reduced 
N2O emissions by 5 to 70% across all treatments. Whilst N2O emissions were 
reduced by 30% in the sandy soil, they increased by 27% in a clay soil from an 
adjacent field.  
 This study shows that the incorporation of crop residues with a high C/N ratio 
can immobilise N in the soil profile and reduce N uptake and/or total biomass 
production. Crop residue incorporation can either stimulate or reduce N2O emissions 
depending on the mineral N content of the soil. When soil mineral N levels are high, 
crop residue incorporation can provide labile carbon for denitrification and stimulate 
N2O losses, while under low soil mineral N levels N immobilisation can lead to 
reduced N2O emissions. 
 The findings of the three trials highlight that the application of OAs to 
subtropical Australian soils can impact GHG emissions. Organic amendments with a 
low C/N ratio expressed high N2O emissions because the available N, together with 
decomposable C, promoted nitrification and denitrification processes. In contrast, 
OAs with a high C/N ratio mitigated N2O emissions because of the reduced 
bioavailability of C and N immobilisation. The application of RB demonstrated 
considerable potential in the mitigation of GHG emissions, significantly reducing 
GHG production in different soil types and moisture levels.  
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 Chapter 1:  Introduction 
1.1 BACKGROUND 
The doubling of world population since 1960 and the estimated increase to 
approximately 10 billion by 2050 (UNFPA, 2014) is placing huge demand on global 
food production (van Zwieten et al., 2010b). By 2030, agricultural production is 
projected to increase by 50% and the arable land required to meet these demands by 
10% (OECD-FAO, 2008). Besides enhancing crop yield through genetic 
modification, increased yields must be achieved through improved irrigation and 
fertilisation with essential nutrients (Spiertz and Ewert, 2009). Increasing the use of 
nitrogen (N) fertiliser in agricultural production will promote emissions of nitrous 
oxide (N2O), the most potent greenhouse gas (GHG). Using organic amendments 
(OAs) as an alternate nutrient source could be an option to recycle waste products 
and reduce synthetic N fertiliser use. This project focussed on the use of different 
OAs and exploration of their mitigation potential with respect to reducing GHG 
emissions and increasing N utilisation in agricultural production in sub-tropical soils. 
The increase in concentrations of GHGs such as N2O, methane (CH4), and 
carbon dioxide (CO2) in Earth’s atmosphere causes global warming. The most 
common source of anthropogenic GHGs is from industries which consume fossil 
fuels. However, agricultural activities such as land clearing and synthetic N 
fertilisation are also sources of GHG emissions. Globally, agricultural production is 
estimated to emit about 5.1 to 6.1 x 109 tonnes CO2-eq yr-1 which represents 10–12% 
of total GHG emissions worldwide (Smith et al., 2007). Methane and N2O emissions 
contribute 3.3 and 2.8 x 109 tonnes CO2-eq yr-1 respectively, of which agriculture 
accounts for about 50% of the CH4 and 60% of the N2O (Smith et al., 2007).  
Nitrogen is an essential nutrient for the growth and development of plants and 
the increasing demand for food production has resulted in the increased application 
of N to agricultural crops. Globally, an estimated 104 to 112 million tonnes ha-1 of 
synthetic N fertiliser is applied to agricultural soils annually (IFA, 2010; Heffer and 
Drud'homme, 2014) with Australian agriculture applying around 1% of this N (FIFA, 
2011). The amount of added N removed in the harvested product, or fertiliser N use 
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 efficiency (NUE), is estimated to be only 33% in cereals (Raun and Johnson, 1999; 
Glass, 2003). Of the remaining 67%, other than what remains in the soil, the N losses 
include leaching, run-off and gaseous emissions such as the N2O, ammonia (NH3) 
and di-nitrogen (N2) (Jambert et al., 1997; van Zwieten et al., 2010b). Nitrogen is an 
integral part of soil organic matter (SOM) and its dynamics are affected by several 
factors such as temperature, humidity, clay content, and soil porosity.  
The increasing cost of synthetic N fertiliser and the demand for sustainable 
agricultural practices are increasing the use of OAs as alternative nutrient sources. 
Organic amendments are typically recycled agricultural crop residues (CR) and agro-
industrial by-products and can be applied to soils either in their raw form, or as 
modified products such as compost or biochar. Crop residues are the non-edible plant 
parts that are left on the field after harvest or are generated from crop packing or crop 
processing. Global CR production is estimated to be 3.8 x 109 tonnes annually (Lal, 
2005, 2008). CR have been used as a source of residential energy for millennia and 
as a feedstock for biofuel production (Lal, 2005, 2008), compost, and biochar 
production (Haefele et al., 2011; Yuan et al., 2011; Wang et al., 2013; Zhao et al., 
2014). Agro-industrial by-products such as mill mud (MM) from sugar milling are 
also an abundant potential nutrient source with the worldwide sugarcane industry 
producing 88–132 million tonnes of raw MM annually worldwide.  
Organic amendments are usually low in nutrients e.g. N contents range from 
7 to 28 mg N kg-1 dry matter (Quilty and Cattle, 2011) and therefore must be applied 
at relatively high loadings to meet crop nutrient demand. Moreover, the release of N 
from OAs depends on mineralisation and immobilisation processes which are 
difficult to accurately predict when determining N supply to crops. Organic 
amendments with a high labile carbon content promote N loss via denitrification 
(Robertson and Tiedje, 1988); whilst other OA’s with a high C/N ratio cause N 
immobilisation which reduces N availability (Ambus et al., 2001; Craine et al., 
2007).  
Economic viability is also a factor, for example, MM has a high water 
volume (up to 75%) and due to freight costs is usually only applied within 10–20 km 
of the sugar mills (Qureshi et al., 2001). Attempts to reduce the freight costs and 
expand the areas in which MM may be applied has led to processes such as drying 
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 (Plaza et al., 2012) or composting MM. Furthermore, evaluation of the effects of 
OAs on GHG emissions and fertiliser NUE has not been well documented. 
 Applications of OAs and the benefits for agricultural production have been 
investigated in numerous studies (Xu et al., 2006; Rahimizadeh et al., 2010; 
Muhammad et al., 2011; Laird and Chang, 2013; Zhao et al., 2014). However, N loss 
to the environment after these materials are incorporated into the soil requires further 
investigation. In particular, the effects of these materials under different climate 
conditions, such as the subtropics, soil textures, water regimes, crop species and 
management practices need to be examined.  
1.2 RESEARCH CONTEXT 
 Many agricultural and agro-industrial organic residues are utilised as raw or 
processed (e.g. composted, pelletised, charred) OAs as a means of improving soil 
properties and supplying plant nutrients. Previous studies have shown that OAs 
supply nutrients, improve soil properties and increase crop yield (Kumar et al., 1985; 
Yaduvanshi and Yadav, 1999). Agricultural residues can be incorporated in raw form 
or composted. They can be pyrolysed to produce biochar which provides a more 
stable form of C. Application of rice husk biochar (RB) to soil has been shown to 
increase grain yield and biomass while decreasing N2O emissions (Wang et al., 
2011a; Wang et al., 2012).  
Furthermore, the application of OAs have been found to increase SOM which 
is considered the best way to capture N in the soil and thus provide a slowly release 
form of N for crop uptake. This pathway is expected to reduce N loss as N2O 
emissions via nitrification and denitrification and increase N uptake and fertiliser 
NUE. However, the impact of OAs on GHG emissions and fertiliser NUE has rarely 
been investigated. Limited research has shown marginal success in reducing GHG 
emissions through biochar application (van Zwieten et al., 2010b; Wang et al., 
2012). In this research, the application of OAs including raw MM, composted MM, 
high N compost, RB and maize residue were investigated. These OAs were evaluated 
with respect to their impact on GHG emissions, crop growth and fertiliser NUE 
including analysis using isotopically labelled 15N fertiliser. 
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 1.3 RESEARCH AIMS AND OBJECTIVES 
 The overall aim of this study was to investigate the potential to improve 
fertiliser NUE and reduce GHG emissions by using OAs in subtropical cropping 
systems. The application of OAs may change soil chemical properties and affect 
GHG production and fertiliser N recovery. 
 
Research Hypothesis 
The application of OAs alters soil chemical properties (pH and CEC), increases crop 
production and fertiliser NUE and reduces GHG emissions compared to un-amended 
soils in sub-tropical agroecosystems.  
 
This hypothesis will be tested using a series of (three) studies consisting of 
laboratory, field, and pot experiments. The objectives of each are outlined below: 
 
Laboratory Incubation 
 
Objective 1: 
a) Evaluate the impact of adding OAs with respect to soil chemical properties 
(pH and CEC) and reducing N2O emissions in contrasting sugarcane soils. 
 
Hypothesis 1: 
The application of OAs will result in higher soil pH and CEC and decreased N2O 
emissions as a result of increased N immobilisation.  
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 b) Determine the effects of adding raw and composted MM and rice husk 
biochar to soil on CH4 flux in two contrasting soils of a sandy loam and clay 
texture. 
 
Hypothesis 2: 
The application of OAs will reduce CH4 emissions and increase CH4 consumption. 
Greater CH4 uptake is expected in the sandy loam soil as opposed to the clay soil due 
to increased oxygen availability.  
 
Field experiment 
Objective 2: Evaluate the potential for OAs to improve fertiliser NUE and crop 
production. 
 
Hypothesis 3: 
The application of high N compost (low C/N ratio, high mineral N content) 
will increase crop yield and reduce NUE. The application of raw mill mud and 
composted mill mud (high C/N ratio) will decrease crop yield and N losses.  
 
Pot trial 
 
Objective 3: Evaluate rice husk biochar for decreasing soil N loss, mitigating N2O 
emissions and increasing fertiliser NUE. 
 
Hypothesis 4: 
The incorporation of crop residues combined with rice husk biochar will 
improve fertiliser NUE and reduce N2O emissions.  
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  The three experiments consisted of a laboratory incubation at Queensland 
University of Technology (QUT) (Objective 1a and 1b), a field experiment at 
Broadwater, New South Wales, Australia (Objective 2), and a climate controlled 
glasshouse pot trial at Carseldine, Queensland (Objective 3). Figure 1.1 outlines the 
methodology adopted for the research project. The methodology involved several 
stages which were established in three experiments. Initial assessment of the 
incubation results determined the effects of different OAs. Organic amendments with 
contrasting responses were then chosen for the pot and field trials. This process 
allowed for the evaluation of the impact of OAs on GHG emissions, N uptake, 
fertiliser NUE, and biomass production in the laboratory and in the field. The 
research was reported in a series of publications, each of which focused on a specific 
stage of the research with the respective outcomes.  
 The soils used in all experiments were collected from typical sugarcane 
farms. The soils are highly weathered and generally representative of the subtropical 
coastal region of northern New South Wales and southern Queensland, Australia. 
This is the first study on subtropical cropping soils to develop a comprehensive 
knowledge of GHG emissions and fertiliser N dynamics after the application of agro-
industrial by-products, agricultural residues and biochar as organic soil amendments. 
This research consisted of various trials to establish agronomically and 
environmentally sustainable N use strategies to support future intensification of sub-
tropical agroecosystems in other countries such as Vietnam. The results from this 
research can be applied to other similar cropping systems in subtropical regions, such 
as maize and sugarcane, to implement sustainable practices for improving NUE and 
mitigating GHG emissions. 
6 Chapter 1: Introduction 
  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Outline of research program highlighting methodology and sequence of 
scientific papers (shading indicates stages where scientific papers were developed). 
 
Analyse physical and chemical 
properties and identify soils most 
suitable for OAs use 
Develop criteria and experimental design 
to meet objectives 
 and sampling strategy 
Selection of field study  
and soil collection sites  
  
 
Literature Review 
and Desktop Study 
 
Investigation trials 
and data analysis  
Laboratory incubation experiment with 
5 organic amendments (OAs) tested on 
two soils under constant temperature 
and soil moisture conditions 
Field trial: 
Large scale under natural conditions with weed 
control and fertilisation 
 
Performance 
evaluation 
Contrasting 
response 
Detailed evaluation of lab, field 
and pot studies  
Paper 1 Paper 2 
Paper 4 Paper 3 
Analyse chemical properties of 
selected organic amendments 
Analysis of the effects of OAs on soil 
properties (pH and CEC) and N2O and 
CO2 emissions 
Pot trial: 
Medium scale with few controlled conditions 
including temperature, irrigation and fertilisation 
in plant/soil interaction 
 
Effects? 
Develop assessment criteria for use 
of OAs in subtropical systems 
Discard  
Low response  
Analysis of the effects of OAs on CH4 
emissions and consumption 
Identify soils with contrasting 
textures representative of cropping 
systems in subtropical regions 
 
Identify organic amendments with 
varying C/N ratios  
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 1.4 SIGNIFICANCE, SCOPE AND DEFINITIONS 
 This research provides evidence for the benefits of applying OAs to soil in 
terms of reducing GHG emissions and improving NUE in sub-tropical soils as 
compared to synthetic fertiliser. It makes a novel contribution to the field of 
knowledge regarding the recycling of organic residues and by-products from 
agricultural and industrial sectors as soil amendments. The results of this study 
provide farmers in developing countries with an effective approach to recycle these 
materials while improving crop yield. In addition, this research developed an 
improved method for monitoring GHG emissions in laboratory incubations. 
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 Chapter 2:  Literature Review 
2.1 CARBON AND NITROGEN CYCLING IN SOILS AND GREENHOUSE 
GAS PRODUCTION 
2.1.1 Carbon mineralisation 
 Soil organic matter (SOM) and crop residues (CR) decompose via several 
mechanisms, including fragmentation and chemical alteration, leading to enhanced 
production of CO2 under aerobic conditions and CH4 in anaerobic conditions. The 
soil microbial biomass mediates key processes in nutrient cycling, including the 
assimilation of C and the mineralisation and immobilisation of N. Soil microbes are 
also responsible for the humification of both C and N and the production and 
decomposition of more stable SOM fractions (refer to Figure 2.1). Decomposition is 
a natural biological process involving the physical fragmentation and biochemical 
transformation of organic molecules from dead organic materials into simpler 
organic and inorganic molecules (Juma, 1998; Bot and Benites, 2005).  
Decaying CR added to the soil surface fuels biological activity and cycling of 
C in the soil, a process whereby organic and inorganic carbon compounds are 
continuously transformed by interactions between micro- and macro-organisms, 
plants and the atmosphere (Bengtsson et al., 2003; Bot and Benites, 2005). The 
decomposition process releases CO2, energy, water, plant nutrients and resynthesised 
C compounds. The humification process involves the successive decomposition of 
dead organic materials and modified organic matter, resulting in the formation of 
complex organic matter called humus. Humus affects soil properties due to its slow 
decomposition rate, increasing soil aggregation and aggregate stability, and raising 
cation exchange capacity (CEC) (Bot and Benites, 2005).  
 The soil environment is influenced by plant roots releasing soluble root 
exudates and producing mucigel polysaccharides as labile carbon sources. In light-
textured soils the plant root also act as an O2 sink, depleting O2 in the rhizosphere 
(Knowles, 1982). The population of denitrifying bacteria is typically far greater in 
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 the rhizosphere than in the root-free soil (Knowles, 1982) and can utilises this carbon 
source. If O2 availability is limited, denitrifiers will use NO −3  rather than O2 as a 
terminal electron acceptor during respiration (Robertson and Groffman, 2007).  
 
Figure 2.1 Soil C and N transformations (Modified from Oorts, 2006). 
 Temperature, precipitation and litter chemistry strongly affect the rate of 
decomposition which takes place more rapidly in tropical rather than temperate 
regions. The relatively faster decomposition rate induced by the continuous warmth 
in the tropics implies that there is limited scope to achieve high equilibrium levels of 
SOM in tropical agro-ecosystems (Bot and Benites, 2005). 
 Increases in annual precipitation normally accelerate the rate of 
decomposition. Higher rates of decomposition and microbial activity occur when soil 
moisture is near field capacity which is equivalent to 60% water-filled pore space 
(WFPS) (Linn and Doran, 1984). In contrast, periods of saturation and poor aeration 
decrease the decomposition rate (Bot and Benites, 2005). Methane (CH4) may also 
be produced under anaerobic conditions (see Section 2.1.2). 
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  The quantity and quality of organic matter input controls the decomposition 
rate in numerous ways. Carbon dioxide production is stimulated when the source of 
organic matter contains highly decomposable carbon and nitrogen compounds. 
Under tropical conditions the application of organic materials with low C/N ratios, 
i.e. green manure and legume residues, favours decomposition whereas the 
application of CR with high C/N ratios, such as cereal straw and grasses, favours 
nutrient immobilisation, the accumulation of organic matter, and the formation of 
humus (Nicolardot et al., 2001; Bot and Benites, 2005). Carbon dioxide (CO2) is 
produced through respiration from autotrophic and heterotrophic organisms. Carbon 
dioxide production by heterotrophic respiration occurs under aerobic conditions. 
Carbon dioxide is emitted from most soils and is produced more readily in soil with 
high porosity, contributing about 10% of CO2 concentration in the atmosphere 
annually (Raich and Tufekcioglu, 2000). Soil C substrate is broken-down by 
heterotrophs which consume O2 and release CO2 emissions as a by-product 
(Cambardella, 2005).  
 
2.1.2 Methane production and consumption 
 Methane is an important GHG with a GWP 28 times greater than CO2 and an 
atmospheric lifetime of 12 years (Myhre et al., 2013). Globally, the atmospheric 
concentration of CH4 increased from 750 ppb in 1850 to 1,803 ppb in 2011 (Myhre 
et al., 2013). Australia’s contribution to global emissions of CH4 is an estimated 67.1 
million tonnes CO2-eq (Australian Department of the Environment, 2014). Methane 
production and consumption are processes driven by the mineralisation of organic 
materials, soil aeration, and heat transport in soils (Segers, 1998). 
 Methane is produced as part of the C cycle under anaerobic conditions via 
methanogenesis (Verheijen et al., 2010). It is emitted from rice paddy soils, marshes, 
and lakes, and contributes 15% to 45% of global CH4 emissions (Segers, 1998). 
Methane fluxes from soils are related to the interaction of soil physical, chemical and 
microbiological processes (Segers, 1998). Paddy soil-derived CH4 emissions are 
estimated to be 31 to 112 million tonnes per annum which accounts for 5% to 20% of 
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 the total global CH4 emissions (cited in Smith et al., 2007; Liu et al., 2011). There is 
a strong correlation between rainfall and CH4 emissions (Denmead et al., 2010). 
 Methane production depends on environmental variables such as temperature, 
pH, roots and inhibitory compounds. A large variation in Q10 (relative increase in 
microbial activity after a temperature rise of 10°C) values of methane production 
ranging from 1.3–28 have been reported by Segers (1998).  Soil pH is also a factor 
which effects CH4 production. Most methanogenic bacteria perform optimally at a 
pH of 7, and raising the pH of anaerobically incubated soil samples has been shown 
to increase CH4 production. Roots can also affect CH4 production both positively and 
negatively, as CH4 production is suppressed by root O2 transport and promoted by 
root decay and root exudation (Segers, 1998). 
 In anaerobic soils, inhibitory compounds can be formed that are toxic to 
plants and bacteria involved in CH4 production. Under anaerobic conditions, the 
availability of organic substrates is the most limiting factor for CH4 production. 
Several reports have shown that the addition of direct methanogenic substrates 
(hydrogen and acetate) or indirect methanogenic substrates (glucose and leaf 
leachate) increase CH4 production (reviewed in Segers, 1998). 
 Methane consumption is a process where CH4 is oxidised mainly by 
microorganisms known as methanotrophs (Segers, 1998). The methanotrophs use 
CH4 as C and energy sources and require O2 (Le Mer and Roger, 2001). Up to 90% 
of the CH4 produced in the anaerobic conditions can be re-oxidised by the 
methanotrophs in the aerobic zones (Sass et al., 1990; Le Mer and Roger, 2001). 
Aerobic soils are an important sink for atmospheric CH4, contributing to 15% of 
annual global CH4 destruction (van den Pol-van Dasselaar et al., 1998). Methane can 
be consumed in the oxic top soil layer and in the oxic rhizosphere (Segers, 1998). 
Methane consumption is affected by temperature, water level, and N availability. 
When temperature increases from 4 to 12 °C, the CH4 uptake doubles but a further 
temperature increase to 20 °C shows a smaller CH4 uptake. The optimum 
temperature for CH4 consumption is 20 to 25 °C, lower than that of production (van 
den Pol-van Dasselaar et al., 1998).  
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 Methane consumption increases when water content increases from 22.5% to 
37.5% w/w and decreases when water content is more than 45% w/w. When water 
content is lower than 5% and higher than 50% w/w CH4 uptake is inhibited (van den 
Pol-van Dasselaar et al., 1998), indicating that both overly dry or wet soil conditions 
can inhibit CH4 consumption. Additionally, the application of N fertiliser has been 
shown to inhibit the oxidation of CH4 in soil due to competition between NH3 and 
CH4 for the CH4 monooxygenase enzyme (Steudler et al., 1989). 
 
2.1.3 Nitrogen cycling 
Nitrous oxide production in soils 
 Nitrous oxide (N2O) is a trace gas, which makes up less than 1% of the 
Earth’s atmosphere. Increased N2O concentration in the atmosphere leads to 
depletion of the mid- to upper-stratospheric ozone (Myhre et al., 2013). 
Concentrations of N2O have risen from 270 ppb in 1750 to 324 ppb in 2011. Nitrous 
oxide has the third largest radiative forcing of the anthropogenic gases (0.17 W m-2) 
after those of CO2 and CH4. Nitrous oxide has the highest GWP of the long-lived 
GHGs i.e. 298 times that of CO2 over a 100 year time horizon (Myhre et al., 2013). 
Nitrous oxide is very stable in the atmosphere with a lifetime of 121 years and 
contributes about 6% of the warming effect from GHG gases, mostly from 
agriculture (IPCC, 2007; Myhre et al., 2013).  
 In 2012, Australian agriculture contributed an estimated 87.4 million tonnes 
CO2-eq emission or 16.1% of the total net domestic GHG emissions (Australian 
Department of the Environment, 2014). Emissions from agriculture decreased by 
1.0% (0.9 million tonnes CO2-eq) between 1990 and 2012 but increased by 3.3% (2.8 
million tonnes CO2-eq) between 2011 and 2012 (Australian Department of the 
Environment, 2014). Nitrous oxide from agricultural sources accounts for 78.6% of 
the total national N2O emissions. The main sources of N2O relating to agriculture 
include N fertiliser use, soil disturbance, pastures, live-stock excretory products, and 
grassland and savannah burning. 
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  The intensification of agricultural practices in Australia has boosted the 
consumption of N, P, and K fertilisers, from 690 million tonnes in 1983 to 1,695 
million tonnes in 2012 (FIFA, 2013). Nitrogen fertiliser consumption alone in 
Australian agriculture increased 1.27 times from 907 million tonnes in 2002 (FIFA, 
2004) to 1,153 million tonnes in 2012 (FIFA, 2013). Synthetic N fertiliser 
application is a major direct source of N2O emissions from agriculture. 
Nitrogen mineralisation and immobilisation 
 Nitrogen mineralisation in soils is a complex biological process in which 
chemical compounds in organic materials are decomposed or oxidised into a soluble 
form and hence made available for plant uptake (White, 2005). The mineralisation 
process is carried out by micro-organisms such as fungi and aerobic and anaerobic 
bacteria. The ammonification process converts organic N from plant decay and 
animal residues to NH3 and ammonium (NH +4 ). The NH
+
4  ion can be converted back 
to organic N and assimilated by microbes (immobilisation) and plants or nitrified to 
nitrate (NO −3 ) through nitrification.  
Immobilisation is the reverse process of mineralisation (Figure 2.1). 
Mineralisation increases the plant-available form of N in soils whereas 
immobilisation decreases available N (Robertson and Groffman, 2007). The 
mineralisation of soil N is influenced by many factors such as the C/N ratio of soil, 
crop residues and the microbial biomass (Bengtsson et al., 2003), soil moisture and 
temperature (Guntiñas et al., 2012). The rate of N immobilisation depends on the 
SOM quality (Negro et al., 1999; Robertson and Groffman, 2007) and the C/N ratio 
(Ambus et al., 2001; Craine et al., 2007). Soils with high C/N ratio have high 
immobilisation rates indicating low extractable NO −3  and NH
+
4  concentrations 
(Bengtsson et al., 2003).  
Decomposition of organic matter influences gross rates of N mineralisation, 
NH +4  immobilisation, and N2O emissions (Cheng et al., 2014). Mineralisation and 
immobilisation can occur at the same time in a relatively small soil volume 
(Robertson and Groffman, 2007), making the difference between gross and net 
mineralisation and immobilisation very important. Gross mineralisation indicates the 
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 total mineral N produced by microbes while the gross N immobilisation indicates the 
total mineral N consumed by the microbes (Robertson and Groffman, 2007). Net 
mineralisation is the balance between the two processes of N cycling. 
Nitrification 
 Ammonium is an essential source of N nutrition for most plant species, 
especially in acidic soils. Plant species that cannot use NH +4
 effectively require NO −3
 
as their essential source of N nutrition. Nitrate can be oxidised from NH +4
 via the 
microbiological process known as nitrification. Nitrification involves the production 
of N2O and the transformation of inorganic N (Figure 2.2). The first step of the 
process is the oxidation of NH +4
 to nitrite (NO −2 ), a function carried out by 
autotrophic bacteria in the genus Nitrosomonas. Nitrite is oxidised further in the 
second step to NO −3  by another group of autotrophic bacteria in the 
genus Nitrobacter. Minor amounts of N2O and NO are formed during nitrification, 
two compounds which are considered environmentally harmful (Hofman and Van 
Cleemput, 2004).  
 
Figure 2.2 Nitrification and interaction with denitrification. The numbers indicate 
enzyme reactions, i.e., 1: ammonium monooxygenase; 2: hydroxylamine oxido-
reductase; 3: nitrite oxidoreductase; 4: nitrate reductase; 5: nitrite reductase; 6: NO 
reductase; 7: N2O reductase (Adapted from Conrad, 2001; Hofman and Van 
Cleemput, 2004). 
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  Nitrification is a process that acidifies the soil because protons (H+) are 
released as follows: 
NH +4
 + 2O2  NO −3   + 2H+ + H2O 
 Nitrification is an aerobic process that requires a sufficient supply of O2. 
Therefore, soil water content is a factor controlling the nitrification rate because soil 
water limits air diffusion into the soil. When water content reaches saturation 
nitrification ceases due to a lack of O2. The highest nitrification rate is expected near 
field capacity or 60% WFPS (Hofman and Van Cleemput, 2004). Nitrobacter species 
are more sensitive to water stress so NH +4  and NO
−
2  accumulate presumably in dry 
soils. Nitrification is slow in acidic conditions and increases when the pH rises. 
However, under alkaline conditions, accumulation of nitrite occurs because 
Nitrobacter is known to be inhibited by NH +4 , which is created under alkaline 
conditions (Hofman and Van Cleemput, 2004).  
 Nitrification has great ecological importance. Nitrate is much more mobile 
than NH +4  because of its negative charge (Groffman and Rosi-Marshall, 2013). Soil 
colloids and sediment particles carry a negative charge which attracts positively 
charged ions such as NH +4 . Therefore, the nitrification rate can control the leaching 
losses of N (Groffman and Rosi-Marshall, 2013). Main products of nitrification such 
as NO −2  and NO
−
3  provide substrates for denitrification and may foster the N gaseous 
losses (Groffman and Rosi-Marshall, 2013).  
Inhibitors 
 Nitrification is inhibited in some soils and in some circumstances due to 
natural or manufactured compounds (Robertson and Groffman, 2007). Some 
commercial products can be used as nitrification inhibitors such as nitrapyrin, 
dicyandimide, 3,4-dimethylpyrazole phosphate (DMPP), pyridines, pyrimidines, 
amino triazoles, and calcium carbide (Juma and Paul, 1983; Bhatia, 2010). For 
example, calcium carbide reacts with water to form acetylene (C2H2) which inhibits 
nitrification at very low partial pressure (ca. 10 Pa) (Robertson and Groffman, 2007). 
Some nitrification inhibitors act as antibiotics that limit the activity of the 
16  
 Nitrosomonas bacteria, the genus responsible for the oxidation of NH +4  to NO −2 . The 
purpose of nitrification inhibitors is to maintain fertiliser N in the NH +4  form and 
reduce the chances of N to be lost via leaching or denitrification when soil moisture 
conditions are elevated. Nitrification inhibitors have been reported to substantially 
decrease N2O emissions and increase crop yields in humid, high rainfall 
environments (Bhatia, 2010; Cui et al., 2011; Scheer et al., 2014). 
Denitrification 
Denitrification is the biological reduction of NO −3  to N2O and N2 by 
heterotrophic bacteria (McClain et al., 2003). Whilst a broad array of soil bacteria 
carry out the process of denitrification, in soil most culturable denitrifiers are 
facultative anaerobes from only 3-6 genera including Pseudomonas and Alcaligenes, 
and to a smaller extent Bacillus, Agribacterium, and Flavibacterium (Robertson and 
Groffman, 2007). Denitrifying bacteria typically constitute 0.1-5% of the total 
culturable soil population, and up to 20% of the total microbial biomass (Tiedje, 
1988). The largest populations of these bacteria are frequently found in the 
rhizosphere region of the soil environment (Knowles, 1982).   
Denitrifiers require a readily available C source for energy and NO −3  is used 
as a substitute terminal electron acceptor in the absence of O2. Denitrification usually 
occurs when O2 levels in the soil environment are depleted and the dissolved O2 
concentration is lower than 0.2–0.5 mg/L. Denitrification rates are highly variable 
both in time and space (McClain et al., 2003; Groffman et al., 2009). The pathway of 
denitrification can be described as follows: 
(+5)  (+3)  (+2)  (+1)  (0) 
NO −3    NO −2   NO  N2O   N2 
  
The denitrification pathway results in the reduction of NO −3  to N2O and N2, however, 
significant amounts of N2O may be emitted before the process is completed. 
Denitrification rates are affected by factors such as O2 and NO3- availability, soil 
organic carbon (SOC) content (McClain et al., 2003), soil moisture, temperature and 
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 the type and amount of N applied (Eichner, 1990; Granli and Bøckman, 1994). The 
rate of denitrification is proportional to the availability of NO −3  and is often transient 
in response to pulses of NO −3  input. Alternate wetting and drying cycles can cause an 
increase of denitrification because NO −3  is produced by nitrification during the dry 
period and is available for denitrification during wet periods (Groffman and Rosi-
Marshall, 2013). Denitrification is important in many contexts and can reduce soil 
fertility because it removes the plant-available N from soils (Groffman and Rosi-
Marshall, 2013). 
 Soil organic carbon levels may affect denitrification rates because SOC 
supplies an energy source for heterotrophic denitrifying bacteria. In anaerobic 
conditions, the availability of C or decomposable organic matter enhances 
denitrification rates (Dalal et al., 2003; Robertson and Groffman, 2007). The addition 
of organic materials causes an increase of the total N2O produced from 
denitrification but the ratio of N2O/N2 decreases with increasing available C supply 
(Dalal et al., 2003). Overall, denitrification rates increase with greater NO −3  content 
in the soil under favourable conditions including high moisture, when other factors 
such as temperature and labile C are not limiting (Dalal et al., 2003). The presence of 
NO −3  inhibits the reduction of N2O to N2 in most circumstances, resulting in a higher 
N2O/N2 ratio under the same conditions of moisture and O2 availability (Dalal et al., 
2003). 
 
2.1.4 Factors affecting N2O production 
 The regulation of nitrification and denitrification in which N2O and NO are 
produced and consumed has been described by a “hole-in-the-pipe” model (Firestone 
and Davidson, 1989; Bouwman, 1998) (Figure 2.3) where gas production and 
exchange with the atmosphere depend on three levels of regulation. First, factors 
which control the amount of N flowing through the pipe are those affecting the rates 
of nitrification and denitrification such as N availability and temperature. Second, 
factors which control the partitioning of reactive N species to NO, N2O or more 
reduced or oxidised forms of N are represented as the size of the hole in the pipe. 
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 Finally, soil properties affect the diffusion of N gases through the soil pore system, 
where NO in particular may be taken up by plants or microorganisms (Bouwman, 
1998). 
 
Figure 2.3 Schematic of N2O and NO production and consumption by nitrification 
and denitrification (Firestone and Davidson, 1989; Bouwman, 1998). 
Temperature 
Rising temperatures stimulate microbial activity, increasing rates of 
nitrification and denitrification (Maag and Vinther, 1996; Stottlemyer and 
Toczydlowski, 1999). Mineralisation of reactive N and nitrification rates have been 
demonstrated to increase with higher temperatures up to 30°C (Shaw and Harte, 2001 
cited in Butterbach-Bahl and Gundersen 2011). Higher temperatures promote a 
higher ratio of N2O/NO −3  from nitrification. The temperature response of nitrification 
is dependent upon ammonium availability (Butterbach-Bahl and Gundersen 2011). 
Lower temperatures reduce rates of denitrification due to decreased mineralisation 
rates and substrate availability (Campbell et al., 1981). Whilst significant 
temperature effects on N2O emissions have been reported under laboratory 
conditions this does always extend to field experiments, particularly in subtropical 
and tropical environments where more controlling factors such as soil moisture 
override the effect of temperature (Dalal et al., 2003).  
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 Soil moisture 
Soil moisture is also an important factor which affects N losses from 
nitrification and denitrification (Maag and Vinther, 1996). Nitrous oxide production 
from nitrification is low at 40% WFPS but increases rapidly when WFPS increases 
up to 55–60% (Figure 2.4) (Dalal et al., 2003). Under different tillage regimes, 
WFPS appears to be closely related to soil microbial activity (Linn and Doran, 1984). 
Below 60% WFPS microbial activity is limited by moisture availability and above 
60% aerobic microbial activity decreases, due to reduced aeration (Linn and Doran, 
1984). When soil moisture increases to above 60–70% WFPS oxygen is limited, 
denitrification increases and N2O and N2 are produced. Alternate wet and dry cycles, 
characteristic of the semi-arid Australian agricultural landscape, stimulate N 
mineralisation from organic matter and promote NO −3  accumulation during the dry 
period and increase N2O production during the wet period (Dalal et al., 2003).  
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Figure 2.4 Relationship between WFPS of soil and relative fluxes of N2O () and 
N2 () from nitrification and denitrification (Adapted from Bouwman, 1998; cited in 
Dalal et al., 2003). 
pH 
Soil pH is considered a secondary controller of denitrification, as it mainly 
affects the nitrification process (Dalal et al., 2003). However, both nitrification and 
denitrification are negatively affected by acidic soil conditions and both processes 
occur optimally at a pH of around 7–8 (Dalal et al., 2003). The inhibitory effect of 
low pH on the activity of metabolic bacteria has been associated with the decreased 
availability of organic C and mineral N under acidic conditions (Šimek and Cooper, 
2002).  
Acidic conditions inhibit the reduction of N2O more than the reduction of 
NO3, leading to enhanced N2O production at pH <5.5-6.0 (Burford and Bremner 
1975, Weier and Gillam 1986). As pH increases, denitrification products tend more 
or completely towards N2 production (Chapuis-Lardy et al., 2007). 
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 Soil texture 
Soil texture is a factor affecting denitrification and N2O emissions (Skiba and 
Ball, 2002; Gu et al., 2013) with soils with a finer texture (i.e. silt and clays) being 
more conducive to gaseous N losses (Weier et al., 1993). However, some studies 
report that fine-textured soils limit gas diffusivity which reduces N2O emissions 
(Weitz et al., 2001) and also identified that fine-textured soils have a high CEC 
which limits NH +4  availability for nitrification (Jarecki et al., 2008).  
Soil texture affects the water holding capacity of soils and therefore the 
oxygen availability in the soil. Reduced aeration affects the activity of heterotrophic 
bacteria whereby they use NO −3  rather than O2 as a substrate for respiration 
(Robertson and Groffman, 2007). Furthermore, fine-textured soil may entrap N2O in 
soil due to limited gas diffusivity (Aulakh et al., 1996).  
Carbon availability 
The availability (or lability) of organic carbon is a key driver of N2O 
formation in soil (Li, 2007; Van Zwieten et al., 2010). Organic materials such as CR, 
manures, compost, or native SOM are sources of C and provide energy for 
heterotrophic denitrifying organisms. The denitrification pathway is more limited by 
low SOC levels than autotrophic nitrification as the majority of denitrifying 
organisms are heterotrophs.  
Increasing soil C content, particularly water soluble or readily decomposable 
organic matter, increases denitrification under anaerobic conditions (Aulakh et al., 
1991; Burford and Bremner 1975; Dalal et al., 2003). Higher rates of denitrification 
result in an increase of the total N2O produced although the ratio of N2O/N2 
decreases with increasing available C (Weier et al., 1993). The addition of 
degradable organic materials increases the production of N2O due to greater NO −3  
substrate availability in the soil and applied N fertilisers (Murakami et al., 1987; 
Dalal et al., 2003). 
 
 
22  
 N availability 
Higher rates of N application increase the potential losses of N via 
denitrification (Šimek and Kalcik, 1998) and promote elevated N2O emissions 
(MacKenzie et al., 1998; Cao et al., 2006). Nitrous oxide emissions normally 
increase in response to the amount of N applied and are significantly related to 
changes WFPS and the concentrations of soil NH +4  and NO
−
3
 (MacKenzie et al., 
1998).  
The rate of denitrification is positively correlated with increasing NO −3  
content in soil under suitable conditions such as high soil moisture, temperature and 
available organic C (Dalal et al., 2003). Under aerobic conditions, the addition of 
NH +4  to soil has more of an effect on the production of N2O than NO −3 (Wang and 
Rees 1996 cited in Dalal 2003). A significant positive relationship between NH +4  and 
N2O production has been observed which confirms that nitrification produces 
significant N2O under aerobic conditions (Wang and Rees 1996 cited in Dalal et al., 
2003). The availability of N is affected by several factors such as the timing of N 
fertiliser application, the type and amount of applied N and the fertiliser placement. 
The timing of fertiliser N application in supporting the N demand of the plant 
plays an important role in determining soil N availability and N2O emissions in 
agriculture (Millar et al., 2010). Whilst plants have a low biomass and N demand 
immediately after planting, the N requirement increases substantially during the 
vegetative growth period and decreases sharply at the time of maturity (Millar et al., 
2010).  
The application of N in advance of significant crop growth, such as autumn 
fertiliser N application in the maize cropping area in the USA, increases the potential 
for increased N2O emissions (Millar et al., 2010). It is recommended to apply smaller 
amounts of N several times over the cropping season to avoid large N losses which 
may occur with single large applications. Cui et al. (2008) showed that high N 
supply, close to the time of peak N requirement, may enhance kernel yield and N 
recovery. 
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 The type and amount of N fertiliser applied can affect nitrification rates and 
N2O emissions. Controlled-release fertiliser such as polymer-coated urea has been 
shown to significantly reduce denitrification and N2O production (Shoji and Kanno, 
1994; Shoji et al., 2001; Cheng et al., 2002; Minami, 2005). When N fertiliser was 
applied as urea, it had a significant effect on the production of N2O and the total 
(N2O and N2) denitrification rate (Cao et al., 2006) because N in urea is susceptible 
to loss via volatilisation of ammonia in alkaline soils (Campbell et al., 1984).  
Placement of synthetic N fertiliser deep into the soil close to the root zone 
may increase N uptake and reduce N loss via N2O emissions (Millar et al., 2010). 
Several studies reported increased crop N uptake and reduced N losses when N 
fertiliser was applied at depth (Eriksen and Nilsen, 1982; Westermann and Sojka, 
1996; Salo, 1999; Liu et al., 2006). 
 
2.2 ORGANIC AMENDMENTS AND THEIR POTENTIAL FOR SOIL 
IMPROVEMENT 
2.2.1 Agro-industrial residues 
 Prior to the introduction of synthetic fertilisers in the early 19th century, OAs 
in the form of animal manures and legumes were the traditional means of fertilising 
crops in both developed and developing countries. Today many agricultural, 
municipal and agro-industrial organic residues are utilised as raw or processed OAs 
(e.g. composted, pelletised, charred) as a means of improving soil properties and 
supplying plant nutrients. 
 Commercially available by-products used as amendments include composted 
organic matter, compost tea or extract, vermicasts, humic substances, uncomposted 
organic waste materials, mill mud (MM) and biochar (BC). Each of these 
amendments has different physical characteristics and nutrient values. Compost tea is 
used for supplying macro- and micro-nutrients to plants and microorganisms (Quilty 
and Cattle, 2011). Vermicasts or vermicompost are generated by earthworms 
(Eisenia fetida) breaking down organic wastes and plant residues, and are sources of 
humic organic matter, microorganisms, micro and macro-nutrients (Atiyeh et al., 
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 2002; Sinha et al., 2010). Uncomposted organic materials are identified as raw 
materials from municipal, agro-industrial and agricultural wastes, animal manures, 
sugar mill by-products and biomass used in bio-diesel production (Moore et al., 
2010). Agricultural wastes include wheat, maize (Zea mays L.), sugarcane, sugar 
beet (Beta vulgaris), and other CR. Mill mud from sugar mills is a significant source 
of uncomposted waste used for enriching the soil. 
Sugarcane and sugar mill by-products 
 Sugar cane is one of the world’s most industrial crops, grown for both food 
and bioenergy production. The annual worldwide sugarcane growing area is about 
26.5 million ha which produced 2,165 million tonnes at the end of the 2013 crushing 
season (FAO-STAT, 2014). There were 357,409 ha of sugarcane along the east coast 
of Australia in 2013, producing more than 30 million tonnes of stalk sugarcane 
(CaneGrowers, 2014). Each tonne of cane crushed produces about 0.02 to 0.06 
tonnes of dry MM (Chapman, 1996). Mill mud, a by-product from sugar mills, is the 
residual slurry and fibre filtered from the raw juice after lime addition and juice 
clarification in the rotary vacuum filter. It consists mainly of water, fibre, mud solid 
and natural impurities (Qureshi et al., 2001). The Australian sugar industry produces 
2.4 to 7.2 million tonnes of wet MM (75% moisture). Because the disposal of this 
mud is costly, recycling and re-use are an attractive alternative (Plaza et al., 2012). 
Mill mud is usually returned to sugarcane farms but its distribution is often restricted 
to those farms within a radius of 10–20 km from the mills (Qureshi et al., 2001) in 
order to minimise transport costs. Efforts to reduce the freight costs and expand the 
area of MM application have led to measures such as drying (Plaza et al., 2012) or 
composting.  
 Mill mud has valuable nutrients for crops and provides a good environment 
for rhizobacteria, which is why it has been investigated as a potential nutrient 
amendment to enhance crop yields and farm productivity (Chapman, 1996; Barry et 
al., 2000; Qureshi et al., 2000). Mill mud typically comprises 75% water and 25% 
dried matter containing 1.5% N, 0.96% P, 0.32% K, 1.72% Ca and 0.36% Mg and 
0.15% S and about 25% C (Chapman, 1996). 
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  The application of mill mud has been shown to improve crop yields (Naidu 
and Syers, 1992; Qureshi et al., 2000). A study by Meunchang et al. (2005), who 
applied compost inoculated with N2-fixing bacteria and uninoculated compost of 
MM and bagasse, showed that tomato shoot growth increased 1.8 times in the 
inoculated compost treatment and 1.12 times in the uninoculated compost without N 
treatment. The authors suggested the reason for this increase was most likely due to 
greater N availability because N was a limiting factor in that soil. The addition of 
compost provided extra P, K and Ca (Qureshi et al., 2000). 
 
2.2.2 Crop residues and rice milling waste 
 Globally, approximately 3.8 x 109 tonnes of CR are produced annually (Lal, 
2005, 2008). Two main sources of agricultural residues in developing countries are 
sugarcane trash and rice husks. In sugarcane (Saccharum officinarum L.) production 
systems, management of CR plays an important role in weed control and soil 
improvement. Maintaining the trash in soil after harvesting reduces water loss in the 
summer time and soil erosion during the rainy season, limits weed growth and 
improves soil moisture, nutrients and health (FAO, 2003; DAFF, 2012). It also 
enhances the organic matter in soil, which improves the soil physiochemical 
properties (Sidhu and Beri, 1989; Laird and Chang, 2013).  
 Sugarcane crops return to the soil about 10–12 t ha-1 dried organic matter 
residue each year, or approximately 3.5 to 4.0 t C ha-1 (Robertson and Thorburn, 
2007; Galdos et al., 2010). Burning cane before harvesting is not recommended due 
to environmental issues such as air pollution. Therefore, the area of green cane 
harvesting area will increase. In Australia, 75–80% of the sugarcane growing area is 
currently harvested green (CaneGrower, 2012; DAFF, 2012). In some sugarcane 
growing countries (e.g. Vietnam), the cane trash is incorporated into the soil using a 
trash shredder. By using the shredder, cane trash can be incorporated into the soil at 
the same time as fertiliser.  
Rice is a staple food for more than half the world’s population and a very 
important export product for some Asian countries. Rice husk is the main by-product 
of rice mills and accounts for about 22% of the weight of a paddy (Umamaheswaran 
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 and Batra, 2008). Nearly 164 million tonnes of rice husk are available every year 
considering the world rice productivity of 745 million tonnes annually (FAO-STAT, 
2014). Large quantities of rice husk are generated in rice growing countries such as 
China, India, Indonesia, Bangladesh, Vietnam, Thailand, and Myanmar. In Vietnam 
for example, a portion of the rice husk is used as fuel for industrial or domestic 
cooking and pelletised as firewood while the remainder becomes waste and is often 
left unused in stockpiles causing environmental pollution (Nguyen et al., 2013a). If 
this rice husk was pyrolyzed instead and applied to soils the benefits could be 
significant. However, investigation of BC derived from rice husk has not been well 
documented. 
 
2.2.3 Composting: Processing and characteristics 
 Composting is the process whereby organic materials are pasteurised and 
microbiologically transformed under aerobic and thermophilic conditions. The 
composting process reduces the volume, moisture content, N availability and 
decomposition rate of the composted materials, making the storage and long-haul 
transportation of OAs feasible (de Bertoldi et al., 1983; Bernal et al., 2009).  
 Composting provides a sustainable option for the recycling of a wide range of 
organic materials including food organics, garden organics, wood residues, 
agricultural residues, processing by-products, manures and biosolids. Well-managed 
composting operations may convert organic matter into valuable OAs to enhance 
chemical, biological, and physical soil properties.  
 For compost to be safely used in soil it must exhibit a high degree of maturity 
or stability, implying stable organic matter content and the absence of phytotoxic 
compounds and plant or animal pathogens (Bernal et al., 2009). The maturity and 
stability of compost are considered to be related and the terms are often used 
interchangeably. Compost maturity may be defined in terms of nitrification because 
NH +4  concentration decreases while NO
−
3  concentration increases (Finstein and 
Miller, 1985). 
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  Organic amendments may contain simple C compounds such as soluble 
sugars and organic acids, which are easily decomposed and mineralised by 
microorganisms. Other OA components such as cellulose, pectin, starch and lignin 
are degraded by many species of Eumycetes, mesophilic and thermophilic organisms 
(de Bertoldi et al., 1983). These compounds are typically partitioned into three 
fractions distinguished by their decomposition rate: easily decomposable compounds, 
i.e. sugars and organic acids, slowly decomposable compounds, i.e. cellulose and 
hemi-cellulose, and the recalcitrant compounds, i.e. lignin. 
 The mineralisation of OAs mainly depends on the C/N ratio. Those with a 
C/N ratio less than 30 are mineralised more quickly than those with a C/N ratio 
higher than 30 (Baldock, 2007). The OAs derived from the Poaceae family typically 
have a high C/N ratio and are decomposed more slowly than those from the 
Fabaceae family. 
High N compost – a food processing residue derived compost 
 Whilst MM is relatively low in N (total and available), food processing 
residues exist with elevated N levels (e.g. gelatine manufacturing residues). These 
by-products are highly putrescible and classified as regulated waste and have to be 
processed before they can be applied to agricultural soils. Composted residues from 
the manufacture of gelatine also represent a valuable OA with relatively high N 
content (1.7% to 3.2%) (Biala and Smeal, 2008). This high N compost (HC) is made 
from gelatine manufacturing residues, which are blended with shredded vegetation 
residues. The mixture is normally composted for 4–5 weeks, contain approximately 
30% (v/v) wastewater sludge and skutch (boiled and minced cattle hide) and about 
70% (v/v) bulking materials including shredded vegetation residues, old compost and 
boiler ash. In this study, the HC was not a fully composted and stabilised compost 
product and was mechanically screened to <20 mm mesh at the composting 
operation. 
Composted MM 
 In this study, the composted mill mud (CM) included MM and bagasse and 
was aged for at least eight months following a three month windrow composting 
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 process. The composting process is expected to increase the available nutrients and 
lessen the moisture content of the MM, reducing freight costs and expanding the area 
able to be treated.  
 
2.2.4 Biochar: production and characteristics 
 
Biochar is a porous, charcoal-like substance containing up to 96% C, 
depending on the materials used and the temperature of pyrolysis (Lehmann and 
Joseph, 2009; Sohi et al., 2009). Biochar has potential for mitigating climate change 
through soil C sequestration and has been extensively promoted by the International 
Biochar Initiative (IBI) amongst others for its beneficial role in soils and the 
environment (Sohi et al., 2009). Biochar can be made from many types of feedstock 
such as tree bark, wood chip, wood shaving, forest residues, crop residues (maize 
stover, rice (Oryza sativa L.) husk, and straw) or poultry litter and dairy manure 
(Sohi et al., 2009). Combustion conditions and feedstock types influence the 
characteristics and stability of BC which is produced by the pyrolysis of plant-
derived residues in the absence of O2 (Sohi et al., 2009).  
When the pyrolysis temperature increased from 300 to 800 °C, C content 
increased from 56% to 93% but the amount of BC generated decreased from 67% to 
26% (reviewed in Sohi et al., 2009). Increasing the temperature of pyrolysis 
decreased both the amount of BC generated and its N content (Gaskin, 2008), whilst 
increasing C content, surface area, pH, CEC, ash content and stability (Novak et al., 
2009; Nguyen et al., 2010). The quality of BC is usually assessed by its pH, volatile 
compound content, ash content, water holding capacity, bulk density, pore volume 
and surface area (Sohi et al., 2009). Typical chemical properties of different BC 
products are listed in Table 2.1. 
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 Table 2.1  Elemental contents and pH of biochar after pyrolysis of different 
feedstock. 
Products of 
biochar 
Pyrolysis 
temperature 
pH 
in 
H2O 
Elemental compositions 
(%) 
References 
C N H O  
Peanut hull 400 °C 7.9 74.8 2.70 4.5 9.7 (Novak et al., 2009) 
Peanut hull 500 °C 8.6 81.8 2.70 2.1 3.3 (Novak et al., 2009) 
Pecan shell 350 °C 5.9 64.5 0.26 5.3 27.6 (Novak et al., 2009) 
Pecan shell 700 °C 7.2 91.2 0.51 1.5 1.6 (Novak et al., 2009) 
Switch-grass  250 °C 5.4 55.3 0.43 6.0 35.6 (Novak et al., 2009) 
Switch-grass 500 °C 8.0 84.4 1.07 2.4 4.3 (Novak et al., 2009) 
Poultry litter 350 °C 8.7 46.1 4.90 3.7 8.6 (Novak et al., 2009) 
Poultry litter  450 °C 9.9 38.0 2.00 - - (Chan et al., 2007a) 
Green wastes  450 °C 6.2 68.0 1.70 - - (Chan et al., 2007a) 
Sugarcane 
bagasse 
500 °C - 71.0 1.80 4.0 - (Tsai et al., 2006) 
Rice straw  500 °C - 49.0 1.30 - - (Tsai et al., 2006) 
Rice husk  500 °C 9.1 46.4 0.40 - - Analysis 
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  The stability of BC accommodates the sequestration of C in the soil, reducing 
the potential for decomposition and emissions of CO2 or CH4. Increasing pyrolysis 
temperature enhances its stability due to the formation of aromatic C ring structures 
(Paris et al., 2005). Biochar pyrolyzed at temperatures of more than 500 °C has a 
highly aromatic molecular structure and is therefore unlikely to decompose (cited in 
Joseph et al., 2010). The ratio of H:C and O:C can be used to evaluate the 
aromaticity of the BC and indicate its stability. Biochar produced at below 500 °C 
has a H:C ratio greater than 0.5 whereas BC produced at temperatures higher than 
500 °C has H:C lower than 0.5 (Hammes et al., 2006). Because of its chemical 
recalcitrance, BC is slowly decomposed and can therefore sequester C in the soil 
over a long period of time. 
Mitigation of N2O emissions  
Numerous studies have shown the potential of BC for the reduction of N2O 
and CH4 emissions (Yanai et al., 2007; Singh et al., 2010b; van Zwieten et al., 
2010b; Zhang et al., 2010; Liu et al., 2011; Wang et al., 2011a). Biochar application 
may decrease soil N2O emissions because it affects the denitrification process. Soil 
pH increases due to its alkalinity which inhibits the activities of denitrifiers. Biochar 
adsorbs NO −2 , NO, and N2O formed in soil through denitrification on its surfaces 
(van Zwieten et al., 2009). The suppression of N2O emissions due to the application 
of biochar could also be attributed to changed soil aeration limiting denitrification 
(Cavigelli and Robertson, 2001). Water-filled pore space, a measure of the water-air 
content in soil, regulates soil aeration and O2 content for microbial activity, 
governing the activity of nitrifiers and denitrifiers. Another indirect effect of BC 
application on soil porosity is its impact on the formation and stability of soil 
aggregates which is known to alter GHG emissions (Mukherjee and Lal, 2013).  
The influence of BC on the nitrification process is complex because it affects 
both nitrifiers and denitrifiers. In addition to the direct effects of biochar on nitrifying 
bacteria, BC can induce strong N immobilisation due to the limitation of available 
organic C supply. The availability of organic C plays an important role in controlling 
the energy source for soil microbes involved in the N cycle (Cayuela et al., 2014). 
Additionally, the application of BC may decrease ammonification in the short term 
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 (Lehmann et al., 2006). Decreases of mineralisation (negative priming effect) in soil 
amended with BC enhances SOC preservation (Zimmerman et al., 2011). 
The application of BC has been promoted as a means of mitigating climate 
change because it increases soil carbon sequestration, decreases GHG emissions as 
well as improving soil fertility, crop yields and plant N uptake (cited in Zhang et al., 
2012b). Biochar that is negatively charged is expected to balance the CEC in soil 
solution and to adsorb charged organic matter to its surface (Major et al., 2009; 
Joseph et al., 2010).  
Mitigation of CO2 and CH4 emissions  
 As discussed in Section 2.1.1 and Section 2.1.2, SOC is decomposed and 
emitted as CO2 under aerobic conditions and CH4 under anaerobic conditions. 
Studies have shown that organic materials which are pyrolyzed to BC have high 
stability and a greatly reduced capacity for decomposition (Lehmann, 2007).  
 The reduction of CO2 emissions related to increased rates of RB application 
resulted from the stable C in BC. The stable C can be sequestered and stored over 
much longer periods in soils. Incorporation of BC can affect soil physical properties 
such as soil structure, texture and porosity, thereby changing O2 content, water 
holding capacity and microbial activity. Biochar decreases the bioavailability of 
soluble organic substrate because the soluble organic substrate is absorbed on the 
surface, suppressing CO2 emissions (van Zwieten et al., 2009). However, the 
increased mineralisation rates of native SOC in soils amended with BC may reduce 
the role of BC in C sequestration and as a soil amendment (Fernández et al., 2014). 
The priming effect of biochar application appears to be positive during the early 
stages of soil incubation followed by a decline over time (Zimmerman et al., 2011).   
 Methane emissions were reduced by 50% to 90% after applying wood or rice 
straw BC during a 49 day incubation period at 25 °C compared to the control (Liu et 
al., 2011). Biochar is expected to alter soil conditions in favour of methanotrophs, 
increasing the CH4 sink capacity of soil (van Zwieten et al., 2009; Verheijen et al., 
2010). By improving soil physical properties and increasing aeration, BC application 
reduces the incidence of anaerobic conditions which are required for CH4 production, 
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 enhances atmospheric CH4 diffusion and stimulates CH4 uptake or consumption (van 
Zwieten et al., 2009). 
 Studies in sub-tropical soils have found both negative and positive effects of 
different types of BC on GHG emissions (van Zwieten et al., 2010b; Scheer et al., 
2011; Wang et al., 2012; Zhang et al., 2012b; van Zwieten et al., 2013; van Zwieten 
et al., 2014). Wang et al. (2012) applied RB and found that BC decreased N2O 
emissions in both rice and wheat, increased CH4 emissions in rice however had no 
effect on CH4 in wheat. Some types of BC pyrolysed from green waste, poultry litter 
and paper waste were proved to mitigate N2O emissions in different soils (van 
Zwieten et al., 2010b; van Zwieten et al., 2013). The reduction in N2O emissions 
may be due to increasing pH (Wang et al., 2012), increasing aeration on addition of 
BC (Cavigelli and Robertson, 2001), and promoting microbial immobilisation of 
available N (Rondon et al., 2005; Singh et al., 2010a). Whilst there is contrary 
evidence that BC does not reduce GHG emissions (Scheer et al., 2011), the 
evaluation of this hypothesis using RB is limited. 
 
2.2.5 Benefits of OA applications to soil improvement and GHG emissions 
Raw and composted OAs 
 Organic amendments can be a beneficial nutrient source to improve crop 
growth and yield, control pests and diseases, enhance the efficacy of synthetic 
fertiliser application and strengthen soil health (Quilty and Cattle, 2011). Most OAs 
contain some nutrients in mineral forms (ammonium, nitrate, phosphate). However, 
most nutrients are not directly available for absorption by plants (Jeng et al., 2006) 
because they are bound in organic molecules. These nutrients become available for 
plant uptake only after mineralisation of the organic compounds by microorganisms 
(Mondini et al., 2008), or through chemical oxidation (White, 2005). 
 According to Mondini et al. (2008), the application of meat, blood and bone 
meal (MBBM) enhances soil micro-organism activity and N availability resulting in 
an increase of the population of fungi and bacteria. When MBBM was applied to soil 
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 at 500 kg ha-1, P availability was sufficient for both barley and rye grass for more 
than one season (Jeng et al., 2006). 
 The effects of OA application include a build-up of the SOC pool with added 
benefits of C sequestration, GHG mitigation and the improvement of soil physical, 
chemical and biological properties (Ashagrie et al., 2007). The application of OAs 
can be used to slow or reverse soil degradation processes and increase soil health. It 
is also widely recognised that the application of OAs results in improved soil 
structure. Humic substances in OAs improve the aggregation of soil particles in 
many soil textures with greater effects observed in clay soil rather than sandy loam 
soil (Fortun et al., 1990; Imbufe et al., 2005; Margherita et al., 2006).  
The addition of CR (e.g. green cane trash) aims to increase the C/N ratio in 
the soil and may result in net N immobilisation during CR decomposition. Added CR 
can affect N2O emissions in soils in three ways; (i) mineralisable N transformed into 
mineral N can provide additional substrate for nitrification and denitrification; (ii) 
mineralisable C from CR can provide additional substrate to stimulate heterotrophic 
denitrification activity; and (iii) increased O2 consumption from C mineralisation can 
create anaerobic soil conditions and stimulate N2O loss from denitrification (Velthof 
et al., 2002). 
Organic amendments contribute directly to GHG emissions by emitting CH4 
and N2O from C and N compounds in the OAs and indirectly through their impact on 
the soil properties which can influence soil-borne GHG emissions (Thangarajan et 
al., 2013). Many studies have demonstrated the agronomic benefits of OAs (Zebarth 
et al., 1999; Spiertz and Ewert, 2009; Zhao et al., 2009). However, there is little 
complementary information on the contribution of OAs to GHG emissions and 
global warming, specifically the production of N2O and its relationship to the 
mineralisation of OAs. Some studies have investigated the impact of certain types of 
OAs, such as pig manure, on N2O emissions (Vallejo et al., 2006; Dalal et al., 2010; 
Petersen et al., 2013). Nitrous oxide emissions from soils treated with composted 
manure were lower than that of applied urea, but were 40% higher in soils treated 
with uncomposted pig slurry (Vallejo et al., 2006). 
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 The mineralisation of OAs applied to soil is dependent on the C/N ratio of the 
OA and soil physical and chemical conditions, including soil moisture content. Crop 
residues with a low C/N ratio normally induce relatively high N2O emissions when 
soils remain aerobic (Huang et al., 2004). In contrast, when inorganic sources of N 
are available, N2O emissions under anaerobic conditions are orders of magnitude 
higher than under aerobic conditions (Linn and Doran, 1984). 
Various OAs have been investigated in terms of nutrient supply (Zebarth et 
al., 1999; Spiertz and Ewert, 2009; Zhao et al., 2009), and the impact of altered soil 
properties resulting in GHG emissions (Vallejo et al., 2006; Dalal et al., 2010; 
Petersen et al., 2013). However, the GHG emissions arising from the application of 
raw MM, composted MM and high N compost have not been documented. 
Biochar 
 The application of BC to the soil can change the physical and chemical 
properties such as available nutrients, total C, total N, soluble P, CEC, pH, moisture 
holding capacity and soil bulk density (Chan et al., 2008; van Zwieten et al., 2010b). 
When applied to soil, BC raises the C content and soil pH and reduces the soil bulk 
density (BD) because of its high C content and pH and low BD [0.84 g cm-3 
(Masulili et al., 2010)]. Addition of BC has been shown to increase rice and wheat 
yields due to the increases in soil NO −3  (Wang et al., 2012).  
 Biochar has the potential to mitigate climate change through carbon 
sequestration owing to its relatively inert nature which is resistant to rapid microbial 
degradation (Lehmann et al., 2006). Biochar amendment to soils can also 
significantly impact soil quality and plant growth (Chan et al., 2007b; Chan et al., 
2008; Major et al., 2010b). The mechanisms responsible for the effects of BC on soil 
GHG emissions are still unclear (van Zwieten et al., 2009) as the effects of BC on 
different GHG emissions (N2O, CH4 and CO2) are not the same. 
 In a study on the use of rice husk biochar (RB) in acid sulphate soils, Masulili 
et al. (2010) reported that its application (10 t ha-1) reduced BD by 0.07 g cm-3, 
aluminium (Al) by 0.35% and increased pH by 0.65 units, %C 5.2 times and CEC 
1.2 times. Rice yield in treatments amended with BC increased about 2.6 times 
compared to the nil amendment control. Huang et al. (2014) also identified that the 
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 uptake of fertiliser N by rice plants increased 23%–27% and rice yield increased 8%–
10% when soils were amended with BC. 
  
2.3  METHODS OF QUANTIFYING N CYCLING IN SOILS 
2.3.1 Evaluating fate of N using the 15N labelling technique 
 Modern agricultural production requires management of N sources from 
applied fertilisers (e.g. synthetic fertiliser, manure and CR). Nitrogen is an active 
biological element and plays an important role as an essential element in all crops 
and plants. Different forms of N, such as NO, N2O, N2 and NH3 can be emitted to the 
atmosphere. These forms of N diminish environmental quality and human well-being 
(Vitousek et al., 2009). Excess nitrate can leach into groundwater systems causing N 
losses in agricultural production.  
 The use of isotopically labelled 15N is essential to determine the amount of 
fertiliser-derived N uptake by plants. Labelling fertiliser or soil amendments with 15N 
provides a way to detect and quantify the fate of N from the soil, fertilisers or the soil 
amendments (Hood et al., 2000). The natural abundance of 15N is constant at a rate 
of 0.3663% globally (IAEA, 2001). 15N labelled material can be used in short-term 
experiments to monitor the fate of N (Powlson, 1994). The use of labelled 15N 
fertilisers allows us to determine N dynamics in a variety of conventional cropping 
systems (Tran and Giroux, 1998; Ruamrungsri et al., 2006; Nishida et al., 2008; 
Sierra and Desfontaines, 2011; Yang et al., 2011). In addition to the detection and 
quantification of the applied N in soil and crops, 15N labelled fertiliser allows us 
determine the amount of applied N lost from the system and can be used for the 
calculation of fertiliser N use efficiency (NUE) (Allen et al., 2004). 
 The fate of N in crop – soil systems has been extensively studied and 
assessed by fertiliser 15N recovery (FNR) in soil and plants, including both below-
ground plant material (such as the root) and above-ground plant material to 
determine the total plant 15N recovery. Previous studies found that crops take up only 
30% to 50% (Tillman et al., 2002; Ladha et al., 2005) of fertiliser N in the first 
cropping season with the remaining N either left in the soil or lost via leaching, 
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 denitrification or volatilisation (Mahmood et al., 1998; Tillman, 1999). The FNR 
varies in different soil textures, crop types and N fertiliser rates (Legg and Meisinger, 
1982; Tran and Giroux, 1998; Dourado-Neto et al., 2009). 
 The fate of labelled 15N is affected by soil cultivation, soil type, organic 
manure additions and soil water content. Uncropped soils lose N mostly by leaching 
(87%) with small amounts being transformed to organic N compounds (9%) 
(Meisinger et al., 2008). The addition of manure to uncropped soils increased the 
loss of labelled N to denitrification (79%) compared to the control (Meisinger et al., 
2008). The increased N loss to denitrification in soils amended with manure is 
related to the available C in the manure. 
  Urea applied to soils in unsaturated conditions generally achieves high 15N 
recovery in the crop with small amounts of N lost via ammonia volatilisation (7%) 
(Meisinger et al., 2008). Meisinger et al. (2008) observed that urea applied to 
flooded soil resulted in elevated levels of ammonia volatilisation in the first 7 days 
after application. These observations highlight the importance of effective N 
management in saturated conditions such as flooded rice production. When 
incorporating labelled 15N CR, up to 25% of labelled 15N was taken up by the crops 
and most of the labelled 15N was retained in the soil (Müller and Sundman, 1988). 
 Nitrogen use efficiency (NUE) is defined as the ratio of crop N derived from 
fertiliser to N supply and can also be expressed as a percentage (Dourado-Neto et al., 
2009). Nitrogen use efficiency is estimated to be only 33% in cereals (Raun and 
Johnson, 1999; Glass, 2003), and ranged between 7% and 63% under different 
climatic conditions, soil textures, and crop species (Dourado-Neto et al., 2009). The 
difference in cereal NUE averages worldwide depends on crop type, yield potential, 
soil quality, amount and form of N applied, and crop management. An oversupply of 
N in soil may lead to low NUE of fertiliser N due to N losses (Dourado-Neto et al., 
2009). Consequently, increasing N rates may decrease NUE. 
 Strategies for improving NUE focus on increasing plant N uptake, 
manipulating N supply or capturing the excess inorganic N before it is lost (Crews 
and Peoples, 2005). The first strategy of increasing plant N uptake involves effective 
crop rotations, disease and pest control, timely sowing, good crop management, 
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 reduced weed competition and balanced nutrient supply (Crews and Peoples, 2005). 
Water supply also plays a key role in N uptake and N recovery. Nitrogen supply is 
manipulated by management techniques such as changing the timing of N 
application, the form of N fertilisers, deep placement of fertiliser, in band or nest 
rather than broadcast application, residue incorporation and applying N fertiliser in 
split applications (Crews and Peoples, 2005). Including legume or non-legume cover 
crops during the fallow periods can immobilise and conserve available N in an 
organic form (Crews and Peoples, 2005). Incorporation of organic materials with a 
high C/N ratio can also increase the immobilisation of N (Ambus et al., 2001; Craine 
et al., 2007). 
 Much research has been published on the application of isotopically labelled 
mineral N fertilisers to several crops under different environmental conditions (Malhi 
and Nyborg, 1991; Crews and Peoples, 2005). Some studies have investigated the 
application of labelled organic materials such as green manure and animal manure 
(Sørensen, 2001; Thomsen, 2001; Primo et al., 2014). Fewer studies have evaluated 
the effect of 15N fertiliser in compost amended soils (Sikora and Enkiri, 2001) and 
the influence of OAs on FNR is still poorly understood. 
 
2.3.2 Methods for measuring GHG emissions 
2.3.2.1  Field-scale: Chamber-based methods 
 The chamber-based method has been developed to measure gaseous fluxes 
directly from the soil in the field and has been described in detail by Mosier (1989). 
In the simplest configuration, the chambers are cylinders or a box set up on the soil 
surface with gases emitted from the soils accumulating in the enclosed headspace 
(Dalal et al., 2003). The headspace gas is sampled periodically and the gas flux rate 
is calculated from the linear increase in gas concentration over time. To avoid soil 
disturbance, the collar of the chamber can be permanently left in the soil and a 
chamber is placed on the collar just before the sampling period (Dalal et al., 2003). 
This technique has been used in field experiments across many agro-ecosystems 
(Weier, 1999; Scheer et al., 2008) with the advantages of having a low set-up cost 
and minimising soil disturbance. 
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  The disadvantages of this method include that it can be labour intensive and 
the microclimate inside the chambers can differ compared to field conditions. A 
major issue with the chamber method is that the potentially long periods of closure 
may result in an underestimation of the calculated fluxes due to an asymptotic 
increase in headspace gas concentrations (Heinemeyer and McNamara, 2011).  
2.3.2.2  Field-scale: Micrometeorological methods 
 Micrometeorological methods measure moving air masses over ecosystems 
from tower mounted sensors. They analyse atmospheric gas concentrations and 
connect those to meteorological measurements. These approaches can measure the 
gas exchange between crops and the atmosphere (Denmead et al., 2010). These 
methods allow for continuous and non-disturbing measurements and provide 
spatially averaged fluxes on a scale of a few hectares to several square kilometres 
(Baldocchi, 2003). However, this method has several disadvantages. It requires 
expensive technical equipment and cannot be used for small-scale field plots or 
complex terrains due to theoretical assumptions regarding the turbulent behaviour of 
gases. Moreover, they are not suitable under low-turbulence mixing conditions and 
are often restricted by the detection limits of analytical equipment for low 
concentration trace gases. 
2.3.2.3  Laboratory-scale: Incubation methods 
 The interpretation of field experiment data involves many different spatial 
and seasonal variables such as climate, soil and land management history. Laboratory 
incubation offers a more flexible and feasible method wherein numerous variables 
can be controlled at the same time. For this reason, laboratory incubations are widely 
used to evaluate GHG emissions (Maag and Vinther, 1996; Liu et al., 2011; Wang et 
al., 2011a). This method allows for the control of different factors (such as water 
content, temperature, soil type, pH level and nutrient availability) that may influence 
emissions either in isolation or in combination. 
 Intact soil cores can be used to preserve the natural soil structure or cores can 
be re-packed as a requirement of the experiment. Once prepared, the soil cores are 
placed in a small chamber and sealed with a lid which has a gas sampling port (e.g. 
rubber septum). The chambers are incubated in a temperature-controlled incubator. 
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 Gas samples are periodically collected using a syringe and transferred into an 
evacuated exetainer vial. Greenhouse gas emissions are then measured by gas 
chromatography. 
The incubation method has the advantage of being relatively simple in 
concept and operation, with a rather low set up cost. This method can be used for 
measuring denitrification via the acetylene inhibition technique. The advantages of 
this technique include a tremendous improvement in sensitivity over previous 
methods in terms of detection limits, the use of a natural nitrate substrate pool and 
the large number of samples that may be assayed (Tiedje et al., 1989). The 
disadvantage of this method is that it can be difficult to upscale the results from 
single cores to field scale and account for the spatial variability of soils, particularly 
when the number of replicates is small. 
  
2.4 STUDY AREA 
 Subtropical regions of the world are located between the Tropic of Cancer 
and the Tropic of Capricorn and the 38th parallel in each hemisphere. Subtropical 
climate regimes can exist at high elevations within the tropics and include parts of 
Florida (USA), Mexico, India, southern China and Japan, southern Africa and eastern 
Australia. In Australia, subtropical regions extend from 20 ºS to 34 ºS covering 57.4 
million ha in Queensland and New South Wales (Figure 2.5).  
Annual rainfall in Australian subtropical regions ranges from 1200 mm to 
1672 mm in the northern zones while in the south the average rainfall varies from 
900 mm in the western boundary of the region to 2000 mm at the coast. Maximum 
summer temperatures are about 31 ºC in December and January in the northern zone 
and 30 ºC in the southern zone. Crop and livestock production is similar in both the 
northern and southern zones. Sugarcane is the principal crop (Weier, 1994). 
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Figure 2.5 The subtropical regions of Australia can be divided into four 
geographically and climatically distinct zones: (1) subtropical, humid north, (2) 
subtropical humid south, (3) subtropical, sub-humid north, (4) subtropical, sub-
humid south (Weier, 1994). 
 The main crops grown in these regions consist of sugarcane, wheat, sorghum, 
cotton, soybeans, sunflowers, oats and barley. Tropical fruit crops such as bananas, 
papaws, mangoes, pineapples, macadamia nuts and avocadoes are also dominant in 
the region. Besides crops, there is about 10% of Australia’s beef cattle industry in the 
subhumid north zone and both sheep and cattle herds reside in the subhumid south 
zone. Livestock and dairying industries have dominated on the fertile plateau over 
the last century while lowlands and river plains are used for forestry and sugarcane 
(McDonald et al., 2006). In general, agriculture has declined in the region since the 
late 1990’s with the conversion of agricultural land for urban land use presenting a 
major issue. 
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 Study sites and soil collecting sites 
 Soil used for both the incubation and the glasshouse trials was collected from 
Broadwater (NSW). Soil used for the glasshouse trial was also collected at Rocky 
Point (QLD) (Figure 2.6). These soils are in the subtropical, sub-humid southern 
zone, which is represented by an area of 29.6 million ha. A field trial was also 
established at Broadwater (NSW) where temperature, rainfall and wind patterns are 
all influenced by the seasonal migration of the trade winds to the north and the 
anticyclonic belt to the south. Broadwater exhibits a humid subtropical climate, 
characterised by hot, wet summers and cool, dry winters. Annual average 
precipitation is 1,362 mm (based on 1886 to 2014 data) with the highest recorded 
monthly rainfall in March (184.7 mm) and the lowest in September (52.2 mm). 
Average rainfall data (Table 2.2) suggests that considerably more rain falls during 
the first part of the year than in the second half, although minimum and maximum 
rainfall data shows that wet and dry months can occur throughout the year. Mean 
monthly maximum temperatures vary from 19.6 °C in July to 28.2 °C in January and 
the lowest temperature is about 10.2 °C in July and 19.8 °C in January (Table 2.2). 
 Soils in the Broadwater area of NSW are classified as brown and black 
Dermosols (clay soils), Redoxic Hydrosols (peat soil), and Semiaquic Podosols 
(sandy soils) (Isbell, 2002). The clay soils are distributed in flat or gently sloping 
areas next to the river on the Richmond floodplain. This soil type accounts for 67% 
of the sugarcane (Saccharum officinarum L.) land of the Broadwater Mill area 
(Panitz et al., undated). These soils have high clay content in the topsoils and are 
cracking to depth in dry weather. Soil pH is low to moderate while CEC is very high, 
due to the high clay content. Whilst sandy soils only account for 4% of the total area 
used for sugarcane cropping, this soil type is representative of the typical soil texture 
found in sub-tropical agroecosystems. They are found in isolated areas close to the 
coastline throughout the Broadwater area. These soils are formed from old beach 
ridges and sand dunes, have good drainage and a poor water holding capacity (Panitz 
et al., undated). The trial was carried out on a soil texture classified as a sandy loam. 
The main constraint for this soil type is the propensity for high nutrient leaching due 
to the sandy texture, which may be exacerbated by water inundation during high tide 
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 in this area. This soil type could be improved with OAs for increasing the nutrient 
holding capacity and decreasing N leaching. 
 
 
Figure 2.6 Location of the study sites and soil collecting sites in the humid 
subtropical region of eastern Australia (Source of image: Google Maps, 2014). 
 Soils in the Rocky Point area of Queensland (QLD) are predominantly acid 
sulphate soils, or potential acid sulphate soils. Drainage works in the lower section of 
the Pimpama River have lowered the water table, which has aerated large volumes of 
pyritic sediment. The disturbance of acid sulphate soils has resulted in degraded 
surface water quality in the Pimpama coastal lowlands. The floodplain in this area 
has also been identified as having a low pH (Preda and Cox, 1999). Minor flooding 
has taken place in the Rocky Point area every one to three years. A major flooding 
event of six to seven days takes place approximately every 30 years on the cane 
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 lands. The Rocky Point region has a hundred year history of sugarcane production 
and it remains an important industry to this day (Pearson et al., 2007).  
 
Table 2.2 Mean monthly climate data for the study site in Broadwater, NSW 
between 1886 and 2014 (Bureau of Meteorology, 2014). 
 
Month Mean  
maximum 
temperature  
(ºC) 
Mean  
minimum 
temperature  
(ºC) 
Mean 
monthly 
rainfall  
 (mm) 
Highest 
monthly 
rainfall 
(mm) 
Lowest 
monthly 
rainfall 
(mm) 
Jan 28.2 19.8 145.1 536.0 12.3 
Feb 27.7 19.7 163.6 618.4 3.8 
Mar 26.7 18.8 184.7 826.6 12.0 
Apr 24.5 16.5 141.3 645.3 0 
May 21.8 13.2 135.5 509.0 0 
Jun 19.8 11.2 115.6 562.6 0 
Jul 19.6 10.2 89.1 492.2 0 
Aug 21.2 10.8 67.2 497.0 0 
Sep 24.1 13.3 52.2 251.0 0 
Oct 25.5 15.1 73.9 492.7 0 
Nov 26.4 16.9 90.3 322.5 2.8 
Dec 27.7 18.6 108.3 443.8 0.3 
Annual 24.4 15.3 1,362 2,328 550 
 Overall, the Broadwater and Rocky Point regions are representative of 
sugarcane soils in the subtropical subhumid south. The Broadwater region is located 
in an area of environmental significance and represents a typical sub-tropical 
sugarcane growing area in NSW. It also provides a heterogeneous environment 
suitable for studying the effects of MM supplied by sugar mills on the N recovery 
and N2O emissions in the fields.  
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 2.5 SUMMARY 
 In order to increase food security and reduce environmental pollution, new 
management strategies that maximise fertiliser NUE and minimise N loss to the 
environment are urgently required. The use of recycled agricultural and agro-
industrial residues as OAs is considered an alternative source of N that can reduce 
synthetic N fertiliser demand (Qureshi et al., 2000; Liang et al., 2006; Quilty and 
Cattle, 2011). This strategy can potentially reduce the environmental risks associated 
with recycling these residues by application to soils as organic amendments. The 
application of OAs to soils may supply nutrients to crops and change soil properties 
which in turn can reduce N losses from soil by nitrification and denitrification 
(Muhammad et al., 2011). The changing of the C/N ratio of soils may induce 
immobilisation which can store N in microbial biomass and therefore prevent N 
being lost to the environment. In addition, agricultural residues can be converted to 
BC and added to soils in order to improve soil properties and reduce GHG emissions. 
Several studies have shown potential benefits of biochar application to soils 
(Lehmann et al., 2006; Major et al., 2010b). However, very little is known on the 
effect of using RB as OA, despite being the main by-product of rice production with 
more than 160 million tonnes produced every year. 
  Studies focussing on FNR and N2O emissions under the effects of OAs in 
subtropical sugarcane soils are rare and strategies to reduce N2O emissions through 
the application of OAs are currently not available. Therefore, more research is 
needed to develop sustainable management strategies for the use of OAs from 
recycled agricultural and agro-industrial residues. 
 This study used a combination of laboratory incubations, glasshouse pot and 
field trials to assess the use of OAs in different environmental conditions. 15N isotope 
techniques were used to evaluate the agronomic and environmental implications of 
OAs and how these could be used to mitigate N2O emissions and increase NUE in 
subtropical sugarcane soils. 
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 Abstract  
 
As the cost of mineral fertilisers increases globally, organic amendments (OAs) from 
agricultural sources are increasingly being used as substitutes for nitrogen (N). 
However, the impact of OAs on the production of greenhouse gases (CO2 and N2O) 
is not well understood. A 60-day laboratory incubation experiment was conducted to 
investigate the impacts of applying OAs on N2O and CO2 emissions and soil 
properties of clay and sandy loam soils from sugar cane production. The experiment 
included 6 treatments, one being an un-amended (UN) control with addition of five 
OAs being raw mill mud (MM), composted mill mud (CM), high N compost (HC), 
rice husk biochar (RB), and raw MM plus rice husk biochar (MB). These OAs were 
incubated at 60, 75 and 90% water-filled pore space (WFPS) at 25 °C with urea 
(equivalent to 200 kg N ha−1) added to the soils thirty days after the incubation 
commenced. Results showed WFPS did not influence CO2 emissions over the 60 
days but the magnitude of emissions as a proportion of C applied was RB < CM < 
MB < HC < MM. Nitrous oxide emissions were significantly less in the clay soil 
compared to the sandy loam at all WFPS, and could be ranked RB < MB < MM < 
CM < UN < HC. These results led to linear models being developed to predict CO2 
and N2O emissions as a function of the dry matter and C/N ratio of the OAs, WFPS, 
and the soil CEC. Application of RB reduced N2O emissions by as much as 42–64% 
depending on WFPS. The reductions in both CO2 and N2O emissions after 
application of RB were due to a reduced bioavailability of C and not immobilisation 
of N. These findings show that the effect of OAs on soil GHG emissions can vary 
substantially depending on their chemical properties. Organic amendments with a 
high availability of labile C and N can lead to elevated emissions of CO2 and N2O, 
while RB showed potential in reducing overall GHG emissions. 
 
Keywords: Carbon dioxide, greenhouse gas emissions, organic amendments, nitrous 
oxide, rice husk biochar 
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3.1 INTRODUCTION 
 Carbon dioxide (CO2) and nitrous oxide (N2O) are two of the three most 
important greenhouse gases (GHGs) that contribute to global warming (IPCC, 2007). 
Nitrous oxide also contributes to stratospheric ozone layer depletion (Ravishankara 
et al., 2009). Nitrous oxide has a global warming potential of 298 times greater than 
CO2 over a hundred year time horizon and a long lifetime of 114 years (Forster et al., 
2007; IPCC, 2007). Globally, it has been estimated that N2O emissions have 
increased from 11 million tonnes N2O-N yr−1 in the early 17th century to 17.7 million 
tonnes N2O-N yr−1 in 1994 (Kroeze et al., 1999) and that the concentration of N2O in 
the atmosphere is increasing by 0.8% annually (IPCC, 1994). The concentration of 
CO2 has also increased from 280 ppm in pre-industrial times to 392 ppm in the early 
21st century (Tans, 2012), highlighting that a reduction in the concentration of both 
gases would aid in the mitigation of climate change. 
 Nitrous oxide is produced from nitrification and denitrification processes 
(Davidson et al., 1986) and are influenced by pH (Law et al., 2011), soil moisture, 
and availability of C and N substrates (Beare et al., 2009). Both processes can occur 
simultaneously in a soil at aerobic and anaerobic micro-sites at soil water contents 
between 60% and 80% water-filled pore space (WFPS), with an increase in 
denitrification when WFPS exceeds 80% (Davidson et al., 1986; Dalal et al., 2003; 
Bolan et al., 2004). Furthermore, N2O emissions can be stimulated by the application 
of N fertiliser and organic amendments (OAs) (Aulakh et al., 1984; Eichner, 1990; 
Wang et al., 2011b; Wang et al., 2012). Decomposition of organic materials 
generates labile C compounds (Chatterjee et al., 2008) which enhances the 
denitrification rate in soils (Robertson and Tiedje, 1988; Wallenstein et al., 2006; 
Pérez et al., 2010). 
 The increasing cost of mineral fertilisers and the degradation of native soil 
fertility in production systems are placing greater emphasis on the use of low cost 
organic by-products for both carbon and nutrient management (Zhao et al., 2009) 
both as a sole source of N or in combination with mineral fertilisers. A wide range of 
organic residues from intensive animal production, food and fibre processing and 
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 municipal/commercial sources are available for use as OAs. The application of OAs 
to soil supplies macro- and micro-nutrients, improves soil chemical and physical 
properties and promotes plant growth (Quilty and Cattle, 2011). Organic compounds, 
including biochar, are negatively charged because of the phenolic and carboxyl 
groups in their structure (Verheijen et al., 2010; Widowati et al., 2011) and increase 
surface negative charge (Naidu and Syers, 1992) that may lead to increased cation 
exchange capacity (CEC) (Chan et al., 2008; Peng et al., 2011; Widowati et al., 
2011) and improve soil fertility. The applications of these OAs, including manures 
and biochar, have also shown to increase pH to more favourable levels for plant 
growth in acidic soils (Naidu and Syers, 1992; Whalen et al., 2000; Amiri and 
Fallahi, 2009; Yuan et al., 2011). 
 Organic amendments can be raw or processed (e.g. dried, pelletised, 
composted, digested, pyrolyzed) and display markedly different characteristics with 
respect to nutrient status and availability. For example, rice husk as the main by-
product of rice mills represents 22% of the total weight (Umamaheswaran and Batra, 
2008). It is generated at an annual rate of nearly 164 million tonnes worldwide 
considering there is 745 million tonnes of rice produced globally (FAO-STAT, 
2014). Whilst part of the rice husk is used fuels for brick plants and home cooking or 
pelletised to firewood, much of it is discarded (Nguyen et al., 2013a). Production of 
RB may offer a pathway for the beneficial use of the rice husk in agricultural soils 
(e.g. (Masulili et al., 2010)), and in turn reduce GHG emissions (Zhang et al., 2010; 
Wang et al., 2012; Zhang et al., 2012a). Wang et al. (2011b) found that application 
of 50 t ha−1 RB to paddy soils decreased N2O emissions by 73.1%. 
 Mill mud is a sugar milling by-product, with approximately 60 million tonnes 
generated worldwide on an annual basis of which 2 million tonnes is generated in 
Australia (Barry et al., 2000). Mill mud is recognised as a valuable agricultural OA 
containing lime and a range of nutrients which improves soil conditions (Kumar et 
al., 1985) and crop yields (Yaduvanshi and Yadav, 1999). Mill mud is applied as an 
alternative to synthetic N fertilisers for sugarcane production. However application 
rates in excess of 150 t ha−1 are considered to be well above crop requirements with 
soils showing elevated levels of nutrients and heavy metals after repeated 
applications (Barry et al. 2000). Composted MM (0.5 to 1.48% total N) has neutral 
52  
 
 
 
 
 
pH and low phyto-toxicity, also making it suitable for agricultural use (Chapman, 
1996; Meunchang et al., 2005). 
 While the rice husk and the MM are relatively low in N (total and available) 
food processing residues exist with elevated N levels, (e.g. gelatine manufacturing 
residues). These by-products are highly putrescible and classified as regulated waste 
and have to be processed before they can be applied to agricultural soils. Composted 
residues from the manufacture of gelatine also represent a valuable OA with 
relatively high N content (1.7% to 3.2%) (Biala and Smeal, 2008). 
 Whilst the agronomic benefits of OAs have been the focus of many studies 
(Zebarth et al., 1999; Speir et al., 2004; Zhao et al., 2009) there is little 
complementary information on the contribution of OAs to GHG emissions and 
global warming, specifically the production of N2O, and its relationship to the 
mineralisation of OAs. The mineralisation of OAs applied to soil is dependent on the 
C/N ratio of the OA and soil physical and chemical conditions, including soil 
moisture content. For example, the suppression of N2O emissions on the application 
of biochar may be due to increased soil pH and changed soil aeration (Cavigelli and 
Robertson, 2001). Soil N2O production is depressed when soil conditions become 
anaerobic (Li et al., 2013b). In contrast, when inorganic sources of N are available, 
N2O emissions under anaerobic conditions are orders of magnitude higher than under 
aerobic conditions (Linn and Doran, 1984). 
 The primary objective of this study was to evaluate the impact of applying 
biochar and OAs (with equivalent bulk and/or N loadings) relevant to the sugar cane 
industry on the emissions of CO2 and N2O from soils with similar agronomic history 
and fertility but contrasting textures. Laboratory incubations provide valuable 
information on the mineralisation of OAs and the production of GHGs which may be 
masked in field situations under variable temperature, moisture and soil conditions. 
Laboratory incubations also provide a quantitative means of pre-selecting OAs for 
more extensive field testing before being used for commercial purposes. Changes in 
soil pH and CEC were also assessed in an attempt to derive empirical relationships 
describing CO2 and N2O evolution over a range of soil water contents for predictive 
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 modelling purposes. The experimental design also included observations when soils 
were amended with OAs alone and in combination with mineral N fertiliser, a 
common practice in cropping systems (Thorburn et al., 2010). 
 
3.2 MATERIALS AND METHODS 
 A 60-day laboratory incubation experiment was used to evaluate the 
influence of soil texture and moisture on the production of N2O and CO2 after the 
application of OAs and mineral N at rates relevant to the sugar cane industry. Two 
contrasting soils (sandy loam and clay) were incubated at 25 °C with 18 treatments 
(6 OAs x 3 soil moisture levels) with five replicates. The treatments were (i) an un-
amended (UN) control; (ii) the application of the equivalent of 110 t ha−1 raw mill 
mud (MM); (iii) 60 t ha−1 rice husk biochar (RB); (iv) 60 t ha−1 raw MM plus 25 t 
ha−1 RB (MB); (v) 110 t ha−1 composted mill mud (CM); and (vi) 23 t ha−1 high N 
compost (HC). After 30 days, mineral N fertiliser as urea (equivalent to 200 kg N 
ha−1) was added to all treatments. The dry weight equivalents of these OAs can be 
referred to in Table 3.1. 
 
3.2.1 Organic amendments 
 The RB was produced from rice husks by thermal pyrolysis at 350 to 500 °C 
and supplied by Barmac Industries Pty Ltd. Mill mud and CM were provided by the 
Broadwater Sugar Mill. Mill mud was stockpiled for several weeks prior to use, 
while the CM also included bagasse, and was aged for at least eight months 
following a three month windrow composting process. Mill mud and CM were 
manually screened through a 4 mm stainless mesh for removing bulky fragments 
before application. The HC was made from gelatine manufacturing residues, which 
are blended with shredded vegetation residues. The mixture, which was composted 
for 4–5 weeks, contained approximately 30% (v/v) wastewater sludge and skutch 
(boiled and minced cattle hide) and about 70% (v/v) bulking materials including 
shredded vegetation residues, old compost and boiler ash. The HC was not a fully 
composted and stabilised compost product and was mechanically screened to <20 
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mm mesh at the composting operation. The chemical and physical properties of OAs 
are listed in Table 3.1. 
 
Table 3.1 The characteristics of OAs added to sugarcane soils (sandy loam and clay) 
from Broadwater (NSW).  
  Mill 
mud 
(MM) 
Composted 
mill mud 
(CM) 
High N 
Compost 
(HC)  
Rice 
husk 
biochar 
(RB) 
MM 
+RB 
(MB) 
pH (1:5 H2O) 7.2 6.9 8.0 9.0 ND 
Dry matter (kg ha-1) 37,070 54,230 16,123 55,920 43,520 
CEC (cmol(+) kg-1) 18.8 15.5  ND* 5.6 ND 
Total C (g C kg-1) 250 120 280 464 365 
Labile C (g C kg-1) 1.4 0.1 5.8 ND 1.0 
Total N (g N kg-1) 8.9 5.8 21.0   4.0 6.3 
Mineral N (mg N kg-1) 0 5.5 4891 ND ND 
C/N ratio 28.1 20.7 13.3 116.0 57.7 
Moisture (%) 66.3 50.7 29.9 6.8 48.8 
Total C applied (kg C ha-1)   9,268 6,508 4,514 25,947 15,866 
Total N applied (kg N ha-1) 330 315 339 224 273 
BD¶ - sandy loam (g cm-3) 1.05 1.13 1.17 1.02 1.05 
BD¶ - clay (g cm-3) 0.92 0.97 1.07 0.92 0.89 
*ND: not determined. MB, combined MM and RB. ¶ soil bulk density after mixing 
the OAs in the soils. 
 The magnitude of soil based GHG emissions after application of OAs is a 
function of both the quantity and quality (C and N contents) of the OAs and the 
moisture content of the soil during the incubation. High N compost was applied at a 
rate equivalent to the total N loading of MM. Rice husk biochar was applied at a bulk 
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 rate slightly higher than previously reported for tropical cropping systems (Zhang et 
al., 2010; Haefele et al., 2011) to ensure the N addition was comparable to the other 
OAs. MB was a combination of MM and RB with the same N loading as CM. 
 
3.2.2 Description of soil sampling and preparation 
 Both soils (sandy loam and clay) were collected from a sub-tropical 
sugarcane plantation in Broadwater, north eastern NSW, Australia (29°00′S 
153°25′E). Bulk soil was collected from a depth of 0–20 cm across a uniformly 
managed field, then air-dried, sieved through a 2 mm stainless mesh, and stored at 4 
°C until used. Soil properties are described in Nguyen et al. (2013b). Briefly, the 
sandy loam and the clay soil have clay contents of 12.0 and 49.7%, total organic C 
contents of 22 and 25 g C kg-1 soil, total N contents 1.51 and 1.80 g kg-1 soil and soil 
bulk density of 1.20 and 1.17 g cm−3, respectively, and pH levels (4.9) were identical 
for both soils. 
 
3.2.3 Soil incubation 
 Organic amendments were thoroughly mixed with 200 cm3 of soil (240 g 
sandy loam soil or 234 g clay soil, oven-dry weight basis). The soil was packed into 
a 15 cm high PVC cylindrical pipe with 5.05 cm inner diameter to achieve the target 
bulk density (Table 3.1). Soil cores were pre-incubated for seven days at 25 °C at 
60% WFPS after addition of deionised water for stabilising the microbial activity. 
WFPS was calculated as Eq. 3.1:  
)1.3.(100*
65.2
1
*(%) EqBD
BDGWCWFPS
−
=  
where: 
- GWC: gravimetric water content (g g−1) 
- BD: soil bulk density (g cm−3) 
- 2.65 assumes the soil particle density (g cm−3) 
56  
 
 
 
 
 
 After pre-incubation, soil moisture was adjusted to 60%, 75%, and 90% 
WFPS for respective treatments to cover the full range from aerobic to anaerobic soil 
conditions (Weier et al., 1993). Each core was placed in a 1-litre glass jar (hereafter 
called “chamber”), which could be capped with a rubber septum lid. The lids were 
removed after each gas sampling event to ensure the gases in the chamber returned to 
atmospheric concentrations prior to recommencing the incubation. The cores were 
maintained at 25 °C in an incubator. Constant soil moisture was maintained by 
weighing the cores every three days with the addition of deionised water if required. 
The incubation experiment was conducted in two stages, each of which lasted a total 
of 30 days. At the beginning of the second stage (Day 30) mineral N fertiliser (200 
kg N ha−1 as dissolved urea) was added to all treatments to replicate a common field 
practice of mixing organic and inorganic fertilisers (Thorburn et al., 2010). 
 
3.2.4 Measurements and calculations of N2O and CO2 emissions 
 Flux rates of N2O and CO2 were determined at 1, 2, 3, 5, 7, 10, 12, 15, 20, 25, 
and 30 days after the start of incubation and again (using the same gas sampling 
frequency) after the addition of N fertiliser. Gas samples were taken from chamber 
headspace at closure of the septum lid and three hours after closure (Nguyen et al., 
2014b) by inserting a syringe through the rubber septum. The chambers were flushed 
with atmospheric air before closure. Gas samples were immediately transferred from 
syringe into evacuated Exetainer tubes (Labco Ltd, Buckinghamshire, UK) for 
storage until analysis. 
 Headspace concentrations were measured by gas chromatography using a 
Shimadzu GC-2014, equipped with an electron capture detector (ECD) for N2O and a 
thermal conductivity detector (TCD) for CO2. Flux rates (F) of N2O and CO2 were 
calculated using the following equation Eq. 3.2: 
)2.3.(
10**
10*60***
9
6
Eq
MVA
MWVbF
corrCH
CH=  
where, b: Increase in headspace concentration (ppb min−1); ACH: Basal area of the 
measuring chamber (m2); MW is either MWN2O-N: Molecular weight of N2O-N (28 g 
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 mol−1) or MWCO2-C: Molecular weight of CO2-C (12 g mol−1); MVcorr.: Temperature 
corrected molecular volume (m3 mol−1) (Eq. 3.3); VCH: Volume of the measuring 
headspace chamber (m3); 60 converts minutes to hours; 106 converts g to μg; 109 
converts ppb to µL m-3. 
MVcorr = 0.02241 * 15.273
15.273 T+
         (Eq.   3.3) 
where: MVcorr.: is defined as above; 0.02241: 22.41 L mol volume (m3 mol−1); T: Air 
temperature during the measurement (°C). 
To convert [μg m−2 h−1] to [g or kg ha−1 d−1] the following formulae were used: 
][
10
10*24][ 126
4
11 −−−− = hmgFdhagF m    or   ][
10
10*24][ 12
9
4
11 −−−− = hmgFdhakgF m
 
where, 24 converts hours to days, 104 converts m2 to hectares, and 106 and 109 
convert μg to g and μg to kg, respectively. 
 
3.2.5 Soil analysis 
 The concentrations of exchangeable NH +4  and NO
−
3 , CEC, and pH were 
measured after 60 days of incubation. Ammonia and NO −3  were determined after 
shaking 20 g of fresh wet soil with 100 mL 2 M KCl for 2 h and the filtered extracts 
analysed by AQ2+ SEAL Analytical WI, USA (Carter and Gregorich, 2008). CEC of 
each soil was determined by ICP-OES (Inductively Coupled Plasma – Optical 
Emissions Spectroscopy) after 2 g of air-dried soil was extracted with 40 mL 1 M 
ammonium chloride (buffer at pH 7). Soil pH(H2O) was determined on a 1:5 soil:water 
solution basis at room temperature using a pH meter. 
 Labile C concentrations in OAs were determined by a methodology adapted 
from the method described in AS4454-2003 (Australian Standard, 2003). A 100 g 
sample was extracted in 150 mL hot deionised water (100 °C) while the sample was 
mixed in a tumbler at 30 rpm for 30 minutes. After extraction, the sample was 
filtered and analysed for labile C via a total organic C analyser. 
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3.2.6 Statistical analysis 
 Three-way analysis of variance (ANOVA) was used for determining the 
influence of OAs, soil texture and WFPS on CO2 and N2O over the first 30 days, and 
the second 30 days after addition of the equivalent to 200 kg N as urea. Three-way 
ANOVAs were also used to determine the impact of OAs, soil texture and WFPS on 
CEC, pH after and mineral N (NH +4  and NO −3 ) after 60 days. The N2O emissions, 
NH +4  and pH results were log transformed to meet conditions of normality and 
homogeneity of variances. We also attempted to develop a predictive linear model of 
CO2 and N2O production for the two soils in response to WFPS over the two 30 day 
time periods by including the specific properties of the OAs (i.e. the C/N ratio and 
total dry matter addition) as independent variables. Statistical analyses were 
performed using Mathematica (2013). 
 
3.3 RESULTS  
3.3.1 CEC and soil pH 
 There was no effect of WFPS on CEC after 60 days for all OA treatments in 
both soils. However, highly significant texture and treatment effects were apparent (P 
< 0.001) (Table 3.2). In the sandy loam, CEC increased (on average) by 2.3 cmol(+) 
kg−1 or 80% compared to UN, whilst in the clay soil CEC increased by 1.4 cmol(+) 
kg−1 or 9.7%. In terms of CEC, the OAs that were significantly different to the 
unamended soil were HC, CM, and MM in the sandy loam. 
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 Table 3.2 CEC in two sugarcane soils (sandy loam and clay) from Broadwater 
(NSW) at Day 60 of incubation at three WFPS levels following addition of OAs. 
Urea was added on Day 30. Values present the mean with SE (n=4). 
Treatments 
CEC (cmol(+) kg-1 soil) 
Sandy loam Clay 
WFPS (%)  WFPS (%)  
60 75 90 60 75 90  
UN 2.9±0.2 2.9±0.1 2.8±0.2 14.6±1.2 14.4±1.1 14.2±1.0 
MM 4.6±0.2 5.2±0.4 5.1±0.3 15.7±1.4 15.5±1.3 16.0±1.0 
RB 4.2±0.2 4.1±0.3 3.9±0.11 14.7±1.0 14.7±1.0 14.9±1.1 
MB 4.5±0.2 4.6±0.1 4.7±0.1 15.7±1.1 15.6±1.3 15.6±1.3 
CM 5.1±0.4 5.3±0.2 5.3±0.1 16.2±1.3 15.6±1.1 16.4±1.2 
HC 6.9±0.8 7.2±0.3 7.1±0.2 16.7±0.9 17.2±1.2 16.6±0.9 
  
 There was no effect of WFPS or texture on pH after 60 days for the OA 
treatments in both soils (Table 3.3). However, a treatment effect was apparent (P < 
0.01), with a 0.5 pH unit increase after 60 days in the RB treatment in the sandy loam 
soil being the most significant. 
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Table 3.3 pH in two sugarcane soils (sandy loam and clay) from Broadwater (NSW) 
at Day 60 of incubation at three WFPS levels following addition of OAs. Urea was 
added on Day 30. Values present the mean with SE (n=4). 
Treatments 
pH (H2O) 
Sandy loam Clay 
WFPS (%) WFPS (%) 
60 75 90 60 75 90 
UN 4.05±0.12 3.93±0.18 4.20±0.22 4.51±0.10 4.14±0.20 4.21±0.16 
MM 4.23±0.14 4.15±0.13 4.25±0.21 4.56±0.12 4.41±0.15 4.19±0.18 
RB 4.49±0.06 4.41±0.06 4.48±0.05 4.51±0.28 4.37±0.15 4.30±0.09 
MB 4.35±0.09 4.39±0.12 4.41±0.16 4.42±0.12 4.21±0.10 4.27±0.08 
CM 4.21±0.14 4.18±0.17 4.54±0.11 4.20±0.18 4.16±0.15 4.20±0.16 
HC 4.16±0.12 3.96±0.16 4.27±0.13 4.09±0.16 4.05±0.17 4.11±0.15 
 
3.3.2 Daily flux rates of CO2 and N2O emissions 
 Daily flux rates of CO2 from the sandy loam and the clay soils over the 60 
days of the incubation are presented in Figure 3.1. Increasing WFPS did not 
significantly influence CO2 emissions. During the first 30 days, the highest CO2 flux 
rates were measured on the second day of the incubation (average 14.7 kg C ha−1 and 
26 kg C ha−1 from the sandy loam and the clay soil, respectively). The lowest flux 
rates were measured in UN (4.3 kg C ha−1 and 16.3 kg C ha−1 from the sandy loam 
and the clay soil, respectively) and the highest rates in the MM treatments (25.1 kg C 
ha−1 and 41.5 kg C ha−1, respectively). On Day 2, the CO2 flux rates from the RB and 
CM amended treatments were only marginally higher than the UN (on average 5.3 
kg C ha−1 and 17.8 kg C ha−1 from the sandy loam and the clay soil, respectively). By 
Day 30, CO2 flux rates averaged 6.9 kg C ha−1 and 13.3 kg C ha−1 from the sandy-
loam and the clay soil, respectively with the MM amended soil still the highest 
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 emitter of all the OAs (12.7 and 18.5 kg C ha−1, respectively). After 30 days, the RB 
and CM amended soils still produced relatively low CO2 emissions, comparable to 
the UN control soils. 
 In terms of changes in the magnitude of CO2 flux over the 30 days, the HC 
amended soils initially produced relatively high daily CO2 emissions (average 27.7 
kg C ha−1) with little difference between soil types; however by Day 30 the CO2 
emissions in HC had decreased to 7.8 kg C ha−1. The MB amended soils produced 
relatively high daily CO2 emissions at Day 2 (average 27.5 kg C ha−1) declining to 
13.5 kg C ha−1 by Day 30. 
 After addition of urea (equivalent to 85.7 kg C ha−1) on Day 30, the highest 
daily flux rates of CO2 for the entire incubation period of 60 days were recorded on 
Day 31 (average 36 and 41 kg C ha−1 for the sandy-loam and the clay soil 
respectively). The majority of the CO2 from the urea application was emitted over 
the next 2–3 days, with all treatments (in both soils) stabilising to pre-urea addition 
levels after Day 33. The daily CO2 flux rates from days 33–60 were relatively stable 
across all treatments (average 6.2 and 14.5 kg C ha−1 from the sandy loam and the 
clay soil, respectively), with the highest emissions from the MM and MB amended 
treatments, on average 10.1 and 19.7 kg C ha−1 for the sandy loam and the clay soil 
respectively. Daily flux rates from the other OAs (HC, RB and CM) in both soil 
types were similar to UN and approximately one-half of the flux rates recorded for 
MM and MB. 
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Figure 3.1 CO2 emissions following addition of OAs to two sugarcane soils (sandy loam and clay) from Broadwater (NSW) monitored over a 
60-day incubation period. Urea (200 kg N ha-1) was added on Day 30. Arrows indicate the time of N addition and vertical bars present the SE 
(n=5). 
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 Daily flux rates of N2O from the sandy loam and the clay soils over 60 days 
are presented in Figure 3.2. Changes in WFPS had a significant impact on N2O 
emissions. In particular the unamended sandy loam soil where at 90% WFPS, the 
average daily N2O emissions over the first 10 days were 77 g N ha−1 compared to 1–
2 g N ha−1 from the lower WFPS treatments. During the first 30 days, the average 
daily N2O flux rate from the MM, RB and MB treatments in both soils (regardless of 
WFPS) was only 1 g N ha−1. The average daily N2O flux rates from the CM 
treatment were also similar to these treatments, but in the clay soil only. The HC 
amended soil produced the highest N2O emissions of all the OAs, with average daily 
N2O emissions over the first 30 days of 56 and 13 g N ha−1 from the sandy loam and 
the clay soil respectively. 
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Figure 3.2 N2O emissions following addition of organic amendments to two sugarcane soils (sandy loam and clay) from Broadwater (NSW) 
monitored over a 60-day incubation period. Urea (200 kg N ha-1) was added on Day 30. Arrows indicate the time of N addition and vertical bars 
present the SE (n=5). 
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 In both soils, the daily N2O emissions gradually increased after the addition 
of urea (equivalent to 200 kg N ha−1). The highest daily N2O emissions from the 
sandy loam soil were measured at Day 60 (average 162 g N ha−1), ranging from 75 g 
N ha−1 (RB) to 283 g N ha−1 (HC). The highest daily N2O emissions from the clay 
soil were measured at Day 55 (average 75 g N ha−1) ranging from 35 g N ha−1 (RB) 
to 136 g N ha−1 from the HC amended soil. The average daily N2O emissions from 
days 31–60 were 45 g N ha−1 and 28 g N ha−1 from the sandy loam and the clay soil 
respectively. Daily N2O emissions ranged from 17 g N ha−1 (RB) to 83 g N ha−1 
(HC) in the sandy loam and from 13 g N ha−1 (RB) to 55 g N ha−1 (HC) in the clay 
soil with mid-range emissions from the UN control. 
 
3.3.3 Cumulative emissions of CO2 and N2O 
 Both soil type and the type of OA had highly significant influences (P < 
0.001) on total CO2 emissions over 30 and 60 days (Table 3.4). After 30 days, the 
CO2 emissions from the UN clay soil (304 kg C ha−1) (averaged across WFPS) were 
nearly 3 times the magnitude of those measured from the sandy loam soil. Total CO2 
emissions from the OA amended soils after 30 days ranged from 155–488 kg C ha−1 
in the sandy loam soil and 384–699 kg C ha−1 in the clay soil with the lowest 
emissions from the RB and CM treatments and the highest from the MM amended 
soils. Background CO2 emissions from unamended soil after 60 days were 230 kg C 
ha−1 and 666 kg C ha−1 for the sandy loam and the clay soil, respectively. Total CO2 
emissions from the OA amended soils after 60 days ranged from 309–818 kg C ha−1 
in the sandy loam soil and from 782–1,339 kg C ha−1 in the clay soil, with the lowest 
emissions from the RB and CM treatments, and the highest emissions from MM 
amended soils. In terms of CO2 emissions after both 30 and 60 days, the treatments 
could be ranked UN < RB = CM < HC < MB < MM with the CO2 emissions from 
the first 30 days representing just over one-half of the CO2 emissions after 60 days 
(including CO2 emissions from urea).  
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Table 3.4 Total CO2 emitted and proportion of applied C lost as CO2 after addition of OAs to two sugarcane soils (sandy loam and clay) from 
Broadwater (NSW) after 30 and 60 day incubation. Urea (200 kg N ha-1) was added at Day 30. Values are mean with SE (n=5). 
Treatments 
Applied C (t ha−1) 
Sandy loam soil Clay soil 
Total CO2–C Emissions Net CO2-C‡/C applied Total CO2–C Emissions Net CO2-C‡/C applied 
(kg CO2–C ha−1) (%) (kg CO2–C ha−1) (%) 
   D30 D60 D30 D60 D30 D60 D30 D60 
60%  
WFPS 
UN 0 101 ± 6 235 ± 16 - - 279 ± 11 612 ± 22 - - 
MM 9.27 533 ± 36 910 ± 46 4.7 ± 0.4 7.3 ± 0.5 686 ± 26 1314 ± 85 4.4 ± 0.4 7.6 ± 0.9 
RB 25.95 174 ± 9 395 ± 17 0.3 ± 0.03 0.6 ± 0.1 346 ± 7 724 ± 13 0.3 ± 0.1 0.4 ± 0.1 
MB 15.87 364 ± 17 661 ± 10 1.7 ± 0.1 2.7 ± 0.1 590 ± 15 1084 ± 38 2.0 ± 0.2 3.0 ± 0.3 
CM 6.51 158 ± 9 312 ± 17 0.9 ± 0.2 1.2 ± 0.4 344 ± 14 721 ± 28 1.0 ± 0.2 1.7 ± 0.5 
HC 4.51 298 ± 22 487 ± 19 4.4 ± 0.6 5.6 ± 0.6 401 ± 27 762 ± 40 2.7 ± 0.5 3.3 ± 0.9 
75%  
WFPS 
UN 0 116 ± 5 254 ± 18 - - 306 ± 10 659 ± 15 - - 
MM 9.27 497 ± 71 820 ± 97 4.1 ± 0.7 6.1 ± 1.1 713 ± 45 1331 ± 75 4.4 ± 0.4 7.2 ± 0.7 
RB 25.95 156 ± 8 332 ± 24 0.2 ± 0.04 0.3 ± 0.1 419 ± 12 860 ± 27 0.4 ± 0.02 0.8 ± 0.1 
MB 15.87 397 ± 31 718 ± 31 1.8 ± 0.2 2.9 ± 0.3 624 ± 18 1179 ± 30 2.0 ± 0.1 3.3 ± 0.2 
CM 6.51 153 ± 12 299 ± 19 0.6 ± 0.2 0.7 ± 0.3 383 ± 15 786 ± 31 1.2 ± 0.3 2.0 ± 0.3 
HC 4.51 286 ± 12 458 ± 15 3.8 ± 0.3 4.5 ± 0.6 438 ± 14 838 ± 32 2.9 ± 0.4 3.9 ± 0.5 
90%  
WFPS 
UN 0 93 ± 3 203 ± 3 - - 329 ± 11 728 ± 22 - - 
MM 9.27 433 ± 43 725 ± 49 3.7 ± 0.4 5.6 ± 0.5 698 ± 28 1373 ± 44 4.0 ± 0.3 7.0 ± 0.7 
RB 25.95 136 ± 11 302 ± 27 0.2 ± 0.04 0.4 ± 0.1 448 ± 5 891 ± 21 0.5 ± 0.1 0.6 ± 0.1 
MB 15.87 370 ± 7 635 ± 28 1.7 ± 0.05 2.7 ± 0.2 698 ± 25 1324 ± 67 2.3 ± 0.2 3.8 ± 0.5 
CM 6.51 154 ± 13 317 ± 26 0.9 ± 0.2 1.8 ± 0.4 424 ± 16 838 ± 29 1.5 ± 0.3 1.7 ± 0.5 
HC 4.51 300 ± 30 459 ± 32 4.6 ± 0.7 5.7 ± 0.8 471 ± 10 885 ± 34 3.1 ± 0.4 3.5 ± 1.1 
‡Net CO2 emissions after subtracting unamended losses and CO2 from urea (85.7 kg C ha-1) in the case of D30-60. 
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 There were significant differences between OAs with respect to the 
proportion of the applied C loss as CO2 after 30 and 60 days (Table 3.4). When 
averaged across WFPS levels, the amount of C evolved as CO2 (corrected for both 
background and urea based emission) and expressed as a percentage of total C 
applied was similar for both soils, ranging from 0.3–4.3% after 30 days, and 0.5–
6.7% after 60 days. In terms of CO2 production (as a proportion of C applied), the 
OAs could be ranked RB < CM < MB < HC < MM, similar to the ranking of 
absolute CO2 emissions. 
 Linear models were developed to estimate total CO2 (kg C ha−1) production 
from the soils in response to adding OAs and WFPS over the two 30 day time 
periods. The models took into account the addition of urea at 30 days. 
( )22 0-30( )dCO 60-1.41*CN+0.0025*DM+25.1*CEC+0.81*WFPS r =0.42=  
( ) ( )22 30-60dCO =-10.2-0.34*CN-0.0016*DM+30.2*CEC+0.38*WFPS r =0.64  
 Where CN is the C/N ratio of the OA, DM is dry matter applied (kg ha−1) at 
Day 0, CEC is cation exchange capacity of the soil (cmol(+) kg−1 soil) at Day 0 and 
WFPS is water-filled pore space (%). 
 All three variables (soil type, OA and WFPS) had highly significant 
influences (P < 0.001) on total N2O emissions over 30 and 60 days (Table 3.5). The 
average total N2O emissions after 30 days were 1.37 and 0.42 kg N ha−1 from the 
sandy loam and the clay soil, respectively. After 60 days, the average total N2O 
emissions were 2.36 and 1.36 kg N ha−1 from the sandy loam and the clay soil 
respectively. After 30 days, the N2O emissions from all OAs (except HC) in the 
sandy loam were comparable to UN (average 33 g N ha−1) at 60% and 75% WFPS. 
In contrast, the HC soils had emitted (on average) 0.69 kg N ha−1 at 60% and 75% 
levels. At 90% WFPS, N2O emissions for RB, MM and MB treatments in the sandy 
loam remained low, but the N2O emissions from the UN and CM treatments 
increased thirty-fold (to 1.44 kg N ha−1) over the first 30 days when compared to the 
two lower WFPS levels. Emissions of N2O from the HC treatment at 90% WFPS 
increased fourfold to 2.7 kg N ha−1. 
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Table 3.5 Total N2O emissions from two sugarcane soils (sandy loam and clay) from Broadwater (NSW) after periods of 30 and 60 day 
incubation at three WFPS levels following addition of OAs. Urea (200 kg N ha-1) was added on Day 30. Values present the mean with SE (n=5).  
Treatments 
Cumulative N2O emissions (kg N2O-N ha-1) 
Sandy loam soil Clay soil 
60% 
WFPS 
75% 90% 60% 
WFPS 
75% 90%  
   Day 30    
UN 0.04±0.010 0.02±0.002 1.40±0.080 0.06±0.010 0.04±0.010 0.16±0.020 
MM 0.02±0.001 0.02±0.003 0.05±0.003 0.03±0.010 0.02±0.002 0.04±0.010 
RB 0.02±0.001 0.02±0.003 0.04±0.010 0.03±0.010 0.05±0.020 0.04±0.010 
MB 0.02±0.001 0.02±0.003 0.02±0.001 0.04±0.010 0.03±0.002 0.03±0.010 
CM 0.02±0.001 0.03±0.010 1.48±0.150 0.03±0.004 0.04±0.010 0.07±0.030 
HC 0.65±0.110 0.73±0.090 2.73±0.380 0.16±0.020 0.38±0.130 0.72±0.190 
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 Table 3.5 (continued) 
 
Treatments 
Cumulative N2O emission (kg N2O-N ha-1) 
Sandy loam soil Clay soil 
60% 
WFPS 
75% 90% 60% 
WFPS 
75% 90%  
   Day 60    
UN 1.07±0.07 1.49±0.26 3.73±0.24 0.97±0.07 0.89±0.06 1.93±0.27 
MM 1.97±0.21 3.20±0.33 3.65±0.15 1.11±0.13 1.26±0.15 1.63±0.14 
RB 0.61±0.03 0.81±0.07 1.14±0.17 0.51±0.03 0.60±0.05 0.81±0.14 
MB 1.17±0.16 2.09±0.25 2.25±0.24 0.72±0.03 1.12±0.13 1.51±0.14 
CM 1.08±0.04 1.49±0.17 4.06±0.45 0.86±0.08 1.20±0.05 1.42±0.06 
HC 1.99±0.12 2.32±0.44 8.29±0.85 1.27±0.15 2.46±0.39 4.25±0.52 
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 In the clay soil, when considering both OAs and WFPS, the trend in N2O 
production over the first 30 days was similar to the sandy loam. However, in the clay 
soil the increase in N2O emissions at 90% WFPS were not as pronounced as in the 
sandy loam. Emissions of N2O from the UN treatment in the clay soil were (on 
average) 49 g N ha−1 at 60% and 75% WFPS but only increased threefold at 90% 
WFPS. Total N2O emissions from RB, MM and MB were relatively consistent across 
the three WFPS levels (average of 35 g N ha−1). The highest N2O emissions were 
found from HC, increasing stepwise from 162–716 g N ha−1 as WFPS increased from 
60–90%. 
 Considering both soil types, the impact of adding RB (when compared to 
UN) on N2O emissions during the first 30 days was a reduction of 1.36 and 0.11 kg 
N ha−1 for the sandy loam and the clay soil, respectively. Similar reductions in N2O 
were found in the MM and MB treatments. 
 After the addition of urea (200 kg N ha−1) at Day 30, total N2O emissions 
over the next 30 days (averaged over all WFPS levels) increased nearly fivefold in 
the sandy soil (from 0.41 to 1.95 kg N ha−1) and over tenfold in the clay soil (from 
0.11 to 1.25 kg N ha−1) compared to the first 30 days. In the sandy loam, N2O 
emissions increased from 1.0 to 2.33 kg N ha−1 in the UN treatment as WFPS 
increased from 60 to 90% WFPS and from 1.95 to 3.6 kg N ha−1 in MM. The largest 
increase in N2O emissions was found in the HC treatment (1.34 to 5.56 kg N ha−1) 
when WFPS increased from 60 to 90%. Total N2O emissions over the second 30 
days in RB were only 0.59 kg N ha−1 at 60% WFPS, increasing to 1.1 kg N ha−1 at 
90% WFPS, the latter only marginally higher than the emissions from the UN 
treatments at 60% WFPS. 
 In the clay soil, the trend in N2O production (considering both OAs and 
WFPS) over the second 30 days was similar to that found in the sandy loam. 
However, the increases in N2O emissions were not as pronounced as those found in 
the sandy loam at 90% WFPS. The latter observation was also found during the first 
30 days. 
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  Considering both sandy loam and clay soils, the overall impact of adding RB 
(when compared to UN) on N2O emissions during the second 30 days was a 
relatively consistent average reduction of 1.12 kg N ha−1. In the sandy loam, when 
compared to UN, the MB amendment also provided a small reduction in N2O (103 g 
N ha−1), whilst CM increased N2O production by 243 g N ha−1. There were large 
increases in N2O emissions (compared to UN) from the MM and HC treatments in 
the sandy loam during the second 30 days (1.27 and 3.22 kg N respectively). In the 
clay soil, the MM, MB and CM treatments provided an average reduction in N2O 
emissions of 306 kg N ha−1, whilst HC increased N2O production by 1.76 kg N ha−1. 
In terms of N2O production over both 30 and 60 days, the OAs could be ranked RB < 
MB < MM < CM < UN < HC. The impact of applying RB on N2O emissions was 
consistent across both soil types. During the second 30 day period (after the addition 
of urea) the N2O emissions declined (compared to UN) on average by 42% at the two 
lower WFPS and 64% at the high WFPS. 
 Linear models were developed to estimate total N2O (g N ha−1) production 
from the soils in response to adding OAs and WFPS over the two 30 day time 
periods. The models took into account the addition of urea at 30 days. 
( ) ( )( ) 22 0-30dN O =exp 2.59-0.012*CN-0.000021*DM-0.025*CEC+0.04*WFPS -1 r =0.34
( ) ( ) ( )22 30-60dN O =exp 5.84-0.009*CN-0.00000062*DM-0.026*CEC+0.025*WFPS -1 r =0.61
 
3.3.4 Variation in mineral N during the incubation 
 After 60 days, the concentrations of mineral N (measured as NH +4  and NO −3 ) 
were significantly higher (P < 0.001) in the clay soil (average 276 mg N kg−1 soil) 
compared to the sandy loam (average 176 mg N kg−1 soil) across all WFPS (Table 
3.6). The average mineral N content of all the OAs was approximately the same as 
the UN treatment in the sandy loam, but 40 mg N kg−1 soil higher than UN in the 
clay soil. The mineral N content of the HC amended soil after 60 days was found to 
be significantly higher (P < 0.01) compared to all the other OAs (including UN), 
mainly due to an increase in soil NO −3  (average difference of 85 mg N kg
−1 soil). The 
addition of RB also resulted in significant higher NO −3  levels after 60 days (average 
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45 mg N kg−1 soil) compared to UN. Other OAs such as MM and the combination of 
MM and RB (MB) also had a higher NO −3  concentration compared to UN. 
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Table 3.6 Mineral N levels in two sugarcane soils (sandy loam and clay) from 
Broadwater (NSW) after 60 days and following the application of OAs (Day 0) and 
urea‡ (Day 30). Values are mean with SE (n=4).  
    Sandy loam§ Clay§ 
Treatments       NH +4               NO −3    NH
+
4             NO −3    
mg N kg-1 soil 
60
%
 W
FP
S 
UN 82±22 109±12 81±12 106±13 
MM 45±9 109±18 78±10 112±41 
RB 45±1 155±26 48±8 141±15 
MB 39±8 115±4 87±18 154±9 
CM 38±7 99±16 54±10 164±24 
HC 47±4 210±4 78±26 206±39 
75
%
 W
FP
S 
UN 86±17 136±15 93±4 179±3 
MM 67±21 190±40 99±6 155±6 
RB 43±14 151±23 125±32 239±29 
MB 47±11 161±22 89±14 172±7 
CM 39±9 137±7 67±14 188±13 
HC 56±4 213±24 87±9 259±5 
90
%
 W
FP
S 
UN 39±8 73±22 91±14 178±28 
MM 25±5 69±18 94±25 205±26 
RB 12±4 135±42 117±14 227±24 
MB 17±3 97±22 99±27 149±17 
CM 28±5 67±14 96±20 230±23 
HC 26±5 172±20 78±16 351±52 
‡ the equivalent of 200 kg ha-1 of N, § prior to OAs being added, NH +4  was 19 and 19 
mg N kg-1 soil and NO −3  was 19 and 17 mg N kg
-1 soil in sandy loam and clay soil, 
respectively.  
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3.4 DISCUSSION 
3.4.1 Influence of OA types on CEC and pH  
 As the cost of mineral fertilisers continues to increase, organic residues are 
increasingly being utilised for their dual role in improving soil health, improving 
chemical properties (such as CEC and pH) and nutrient supply. Our study only found 
significant increases in CEC after the addition of the two OAs which had relatively 
low C/N ratios (HC and CM), the latter at a relatively high loading rate and CEC. 
Whilst there are studies that report the benefits of RB in terms of improving soil CEC 
(Liang et al., 2006), a distinction must be made between short- and long-term 
applications of RB and OAs generally. Our results are consistent with those of 
Whalen et al. (2000) who assessed a range of animal manures and Masulili et al. 
(2010) who found no difference in CEC after application of RB. Typically, repeated 
application of OAs is required to change soil properties (Shiralipour et al., 1992). 
Whilst Whalen et al. (2000) reported changes in pH after single but relatively high 
loadings of manure, in our study, a significant change in pH was only observed after 
the addition of highly alkaline RB (pH 9). Our results are consistent with Masulili et 
al. (2010) who suggest that RB could be considered as a substitute for lime materials 
to increase the pH of acidic soils. In contrast, the pH of HC amended clay soil 
declined due to the relatively high sulphur (ca. 1.5%) content of HC (Biala and 
Smeal, 2008). 
 
3.4.2 Influence of OA types on CO2 and N2O emissions 
 Changes in WFPS did not influence the magnitude of CO2 emissions from the 
sandy loam or the clay soils over 60 days, which is consistent with the incubation 
study of Ruser et al. (2006), and the field studies of Frank et al. (2002) and Drewitt 
et al. (2002). Even though the unamended soils were similar in terms of initial soil 
organic C content, the fact the clay soil respired 3 times as much CO2 indicates very 
different partitioning of the native soil organic matter (SOM) pools and availability 
of more decomposable forms of SOM in the clay soil. On addition of the OAs, we 
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 observed the highest fluxes over the first 2 days, which has also been reported by 
Alotaibi and Schoenau (2013). On application of N fertiliser at Day 30, CO2 
emissions increased after applying supplemental fertilisers due to the hydrolysis of 
the urea (van Zwieten et al., 2010b), which was similar to reports by Li et al. 
(2013a). 
 All OAs promoted higher CO2 emissions over the 60 days compared to the 
unamended soil. However the fact we fixed the rate of total N application of OAs 
means CO2 emissions are directly linked to the proportion of decomposable organic 
C within a specific OA (Ajwa and Tabatabai, 1994). Whilst there was considerable 
difference in the amount of DM added (equivalent to 16–56 t DM ha−1), the total 
amount of OA applied in combination with the C/N ratio generally explains the 
behaviour of the individual OAs in terms of both absolute and the proportional CO2 
emissions except where composting has been part of the preparation of the OA 
process resulting in the labile C and mineral N fractions of the OA being low (e.g. 
CM). Significantly lower rates of C mineralisation have also been reported by Hartz 
et al. (2000) when comparing composts to manure amendments. Our linear models 
(combining DM, C/N, WFPS and soil CEC) predicted the CO2 emissions from CM 
in comparison to other OAs (including the composted HC), but the HC had 
sufficiently high levels of labile C (as an easily degradable C source) and mineral N 
(for assimilation by microorganisms in the decomposition process). Nitrogen 
immobilisation takes place in soils amended with raw organic material (such as raw 
MM) (Negro et al., 1999) and high C/N ratio OAs (Ambus et al., 2001; Craine et al., 
2007). Our results are consistent with the fact that OAs with a C/N ratio in excess of 
30 have insufficient N to meet microbial demands for rapid decomposition (Virgil 
and Kissel, 1991) and initially degrade at a slower rate than those with lower C/N 
ratios. Whilst the MB treatments (C/N = 57) did not conform to this observation of 
reduced CO2 emissions this is due to the fact there was a clear partitioning between 
readily decomposable and resistant C fractions due to the mixing of MM and RB 
feedstocks, and the C/N ratio of the blended product did not adequately characterise 
the product in this respect. 
 Our observation of significant reduced CO2 emissions with the addition of 
biochar compared to other OAs is consistent with Singh et al. (2010a) and 
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Zimmerman et al. (2011). However, increases in CO2 emissions after biochar 
addition have been reported by Rogovska et al. (2011) and Zheng et al. (2012). 
Biochar decreases the bioavailability of soluble organic substrates due to absorption 
on their surfaces suppressing CO2 emissions (van Zwieten et al., 2009). However 
where increases in CO2 emissions have been reported after the addition of biochar, 
this is normally accompanied by a reduction in extractable NO −3 , or immobilisation, 
to support microbial growth and decomposition (Ippolito et al., 2012; Zheng et al., 
2012). In our study, extractable NO −3  levels were significantly higher in the RB 
treated soils than the unamended after 60 days, supporting the observation of Major 
et al. (2010a) and Singh et al. (2012) that the predominately aromatic structure of 
high C/N biochars have little bioavailable C for inducing immobilisation. 
 The availability of N from OAs and fertiliser sources determines the rate of 
both nitrification and denitrification and subsequent N2O production from soils 
(Andersen and Petersen, 2009). Nitrous oxide emissions produced over the 60 days 
in both soils were negatively correlated with the C/N ratio of the OA (i.e. higher N2O 
emissions at lower C/N), similar to the observations of Huang et al. (2004) and Chen 
et al. (2013). The highest N2O emissions were consistently observed from the HC 
amended soils at all WFPS, with high levels of readily available (mineral) N and 
labile C to promote denitrification at the highest WFPS (Robertson and Tiedje, 1988; 
Regina et al., 1998; Mohn et al., 2000; Garcia-Montiel et al., 2003; Bateman and 
Baggs, 2005; Wallenstein et al., 2006; Pérez et al., 2010). The significant increase in 
N2O emissions we observed once WFPS exceeded 75% has been demonstrated in 
many studies (Weier et al., 1993; Rudaz et al., 1999; Ruser et al., 2006). The 
increased N2O emissions observed after N fertilisation are also similar to the 
observations of Uchida et al. (2013), Ji et al. (2012), and Alvarez et al. (2012). 
Whilst Chen et al. (2013) report enhanced N2O emissions (compared to unamended 
controls) at C/N ratios < 45, our results during the first 30 days of the incubation did 
not follow this pattern under both aerobic (WFPS 60% and 75%) and anaerobic 
(WFPS 90%) conditions. Only the HC treatment (C/N = 13 and relatively high levels 
of mineral N and labile C) consistently showed higher N2O production. This effect 
was not as evident during the second 30 days, when the addition of urea provided 
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 sufficient available N to support microbial decomposition of the OAs and promoted 
N2O production (greater than the unamended control) in all OAs except RB with 
high C/N ratio. Our data supports the hypothesis of Chen et al. (2013) that organic 
residues supply only a small fraction of the N requirement needed to promote 
mineralisation and N2O production. 
 Total N2O emissions from the clay soil were generally lower than from the 
sandy loam soil at all WFPS levels and OAs, at both 30 and 60 days. This is 
consistent with observations of Jarecki et al. (2008), Cayuela et al. (2010) and Wang 
et al. (2011b) but in direct contrast to Chen et al. (2013). Whilst we agree with De 
Visscher et al. (1998) that soils with high CEC (e.g. clays) may facilitate 
immobilisation of NH +4  at cation exchange sites, our mineral N data after 60 days 
does not support this hypothesis. The coarser textured sandy loam could be favouring 
N2O production through nitrification as observed by Cayuela et al. (2010). However 
there are significantly larger amounts of N2O being produced at 90% WFPS in the 
sandy loam which can only be attributed to denitrification. This suggests that the 
contrasting low N2O emissions observed from the clay soil at 90% WFPS are due to 
the conversion of N2O to N2. Our observation of higher levels of NO −3  in the clay 
soil after 60 days could potentially negate this conclusion, however the addition of 
urea at Day 30, effectively removed any constraints on C and N mineralisation and 
NO −3  levels in both soils would still be relatively high even under conditions 
favouring denitrification. 
 Our study supports the weight of literature that biochar can significantly 
reduce N2O emissions in both aerobic and anaerobic situations. Our reductions in 
emissions during the second 30 days after fertilisation ranged from 42–64% and are 
of the same order of magnitude as those reported by Wang et al. (2011b); Zhang et 
al. (2010; 2012a) and van Zwieten et al. (2010b; 2013). Lehmann et al. (2006) and 
van Zwieten et al. (2009) reported reduction in N2O emissions due to N 
immobilisation. However, we added additional mineral N and both NH +4  and NO −3  
levels remained high in the RB treatment which confirms our earlier assertion that 
the highly resistant nature of high C/N RB has little (if any) bioavailable C to fuel the 
denitrification process. 
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3.5 CONCLUSIONS 
 This laboratory incubation provides critical information with respect to the 
practical utilisation of a range of OAs on the production of GHGs from soils of 
contrasting textures in response to changes in WFPS. The addition of OAs 
significantly increased CO2 production. Nitrous oxide emissions decreased on 
application of OAs, except in the case of the high N compost. In terms of CO2, 
regression models which included DM, C/N ratio, soil CEC and WFPS as input 
variables were able to describe CO2 production over 30 and 60 days, the latter after 
the application of urea (equivalent to 200 kg N ha−1). The model was not as effective 
when predicting CO2 emissions from composts with high levels of available (labile) 
C and (mineral) N. Regression models using the same input parameters as CO2 were 
able to explain the production of N2O at 30 and 60 days. The application of RB 
reduced N2O emissions (during the 30 days after urea was applied) by as much as 42-
64% depending on WFPS. Reductions in both CO2 and N2O emissions after 
application of RB with high C/N ratio are due to a reduced bioavailability of C and 
not immobilisation of N. Further studies are needed to verify the mechanism in 
which RB reduces N2O emissions. 
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 Abstract 
Methane (CH4) is an important greenhouse gas with a global warming 
potential (GWP) 28 times greater than carbon dioxide (CO2) that can be 
produced or consumed in soils depending on environmental conditions and 
other factors. Biochar application to soils has been shown to reduce CH4 
emissions and to increase CH4 consumption. However, the effects of rice husk 
biochar (RB) have not been thoroughly investigated. A 60-day laboratory 
incubation experiment was conducted to investigate the effects of amending 
two soil types with RB, raw mill mud (MM), MM plus rice husk biochar (MB) 
and composted mill mud (CM) on soil CH4 consumption and emissions. Soil 
cores were incubated in 1L glass jars and headspace gas samples were analysed 
for CH4 using gas chromatography. Average CH4 consumption rates varied 
from -0.06 to -0.68 g CH4-C ha-1 d-1 in sandy loam soil and -0.59 to -1.00 g 
CH4-C ha-1 d-1 in clay soil. In the application of RB CH4 was consumed with a 
flux of -0.52 to -0.55 g CH4-C ha-1 d-1 in sandy loam and -0.76 to -0.91 g CH4-
C ha-1 d-1 in clay soil. Addition of MM showed low CH4 emissions or 
consumption at 60% water-filled pore space (WFPS) in both soils. However, at 
high water contents (>75% WFPS) the application of MM produced high rates 
of CH4 emissions which were significantly suppressed when RB was added 
(MB). Cumulative emissions of CH4 from the MM treatment produced 108.9 g 
CH4-C ha-1 at 75% WFPS and 11,459.3 g CH4-C ha-1 at 90% WFPS in sandy 
loam soil over a period of 60 days. Rice husk biochar can increase CH4 uptake 
under low soil water content (SWC) and decrease CH4 emissions under 
anaerobic conditions. Composted MM expressed more potential to reduce CH4 
emissions than those of MM. 
 
Keywords: Clay soil, methane consumption, organic amendments, mill mud, rice 
husk biochar, sandy loam soil  
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4.1 INTRODUCTION 
 Methane (CH4) is a key greenhouse gas with a GWP of 28 times greater than 
CO2 and with a lifetime of 12 years (IPCC, 2007). It is produced as part of the carbon 
cycle in anaerobic soil conditions via a process known as methanogenesis (Verheijen 
et al., 2010). It is largely emitted from rice paddy soils, marshes, and lakes as organic 
matter decomposes anaerobically. These sources contribute 15% to 45% of global 
CH4 emissions (Segers, 1998). Another source of CH4 emitted from grazing cattle 
contributes about 38.6% of total agricultural emissions (Patra and Lalhriatpuii, 
2016). Methane fluxes from soils are related to the interaction of physical, chemical 
and microbiological processes (Segers, 1998). Reducing soil-borne CH4 emissions 
would decrease greenhouse effects on the environment and mitigate global warming. 
 In contrast, CH4 consumption can occur in aerobic soils when CH4 is oxidised 
by microorganisms known as methanotrophs (Segers, 1998; Robertson and Grace, 
2003). Aerobic soils can consume significant amounts of atmospheric CH4 (Pol-van 
Dasselaar et al., 1998) primarily in the oxic top soil layer and in the oxic rhizosphere 
(Segers, 1998). This CH4 oxidation process is exploited in reducing CH4 emissions 
from landfills (Spokas and Bogner, 2011). Methane consumption is affected by 
temperatures and water contents (Pol-van Dasselaar et al., 1998; Weier, 1999; 
Spokas and Bogner, 2011) with the highest rates of CH4 oxidation being observed 
between 20 °C and 35 °C (Spokas and Bogner, 2011). Additionally, CH4 uptake 
doubled when temperature increased from 4 °C to 12 °C (Pol-van Dasselaar et al., 
1998). However with a further increase of temperature up to 20 °C, the CH4 uptake 
was smaller. Methane consumption has been shown to increase when SWC increases 
from 22.5% to 37.5% and decrease when it exceeds 45% (Pol-van Dasselaar et al., 
1998). Soil water content lower than 5% and higher than 45% inhibits CH4 uptake 
(Pol-van Dasselaar et al., 1998). Similar results were found by Scheer et al. (2011) in 
a subtropical pasture where CH4 consumption rates reduced steadily during rain 
events. These results indicate that very wet soil conditions inhibit CH4 consumption. 
Covering soil with organic materials, so called oxidation layers, markedly 
enhances CH4 oxidation (Barlaz et al., 2004). A similar effect might be expected 
when adding organic amendments (OAs) to soil. However, results from previous 
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 studies are inconsistent (Le Mer and Roger, 2001). Methane emissions following the 
use of OAs are usually very small (Bhogal et al., 2007). The situation is different 
with biochar, as previous studies have reported that soil amended with biochar shows 
reducing CH4 emissions (Karhu et al., 2011; Liu et al., 2011). Applying bamboo 
biochar and straw biochar to paddy soils reduces CH4 emissions by 51.1% and 
91.2%, respectively compared to treatments without biochar (Liu et al., 2011). Karhu 
et al. (2011) claimed that biochar addition increases CH4 consumption by 96% 
compared to the control. Raw and composted MMs have low nitrogen (N) content, 
neutral pH and low phyto-toxicity which make them suitable for agricultural use 
(Meunchang et al., 2005) in improving soil conditions and crop yields.  
In 1997, sugar mills in Queensland and NSW generated about 2 million 
tonnes of wet MM (Barry et al., 1998), which is normally applied at up to 150 t ha-1 
(Qureshi et al., 2000). Applying this material to soils increases soil porosity and soil 
aeration, reduces CH4 production, and promotes CH4 oxidation. However, research 
on the effects of RB and MM products on CH4 emissions and consumption has not 
been well documented. Rice is being introduced as an alternative cash crop to 
Australian sugar cane with rice husks widely used as a source for biochar in South-
East Asia. This study aimed to determine the effects of adding raw and composted 
MM and RB to soils on CH4 flux in two contrasting soils with the results relevant to 
both Australian and South-East Asian cane systems. 
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4.2 MATERIALS AND METHODS 
 A laboratory experiment was carried out at QUT, Brisbane to evaluate the 
influence of OAs on CH4 emissions and consumption from a sandy loam and a clay 
soil. The experiment consisted of 15 treatments with five replicates. The treatments 
consisted of (i) an un-amended (UN) control, and both soils amended with (ii) 110 t 
ha-1 of raw mill mud (MM), (iii) 60 t ha-1 of rice husk biochar (RB), (iv) 60 t ha-1 of 
raw MM plus 25 t ha-1 RB (MB), and (v) 110 t ha-1 of composted mill mud (CM) on 
a wet weight basis. Methane fluxes from each treatment were assessed at moisture 
contents that represented 60%, 75% and 90% WFPS. WFPS was calculated as Eq. 
4.1: 
)1.4.(100*
65.2
1
*(%) EqBD
BDGWCWFPS
−
=  
where: 
- GWC: gravimetric water content (g g−1) 
- BD: soil bulk density (g cm−3) 
- 2.65 assumes the soil particle density (g cm−3) 
 
4.2.1 Organic amendment sources 
 Biochar used in this study was produced from rice husks at 350 – 500 °C by 
thermal pyrolysis and supplied by Barmac Industries Pty Ltd. Mill mud and CM 
were provided by the Broadwater sugar mill. The MM was stockpiled for several 
weeks prior to use, and the CM comprised MM and bagasse, and was aged for at 
least eight months after a three months windrow composting process. 
 
4.2.2 Description of soil sampling and preparation 
 Soils (sandy loam and clay soil) were collected in October, 2011 from a 
sugarcane plantation in Broadwater, northeast NSW (29°00’S 153°25’E). They were 
sampled from the 0–20 cm depth of cultivated soils. Soil samples were air-dried and 
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 sieved through 2-mm stainless mesh and stored in a refrigerator at 4 °C. Chemical 
and physical properties of soils and OAs are shown in Table 4.1. 
 
4.2.3 Incubation setup 
 The equivalent of 200 cm3 of the sieved soil (240 g for the sandy loam and 
234 g for the clay) was mixed thoroughly with the amendments and packed into a 15-
cm tall PVC cylindrical core (5.05 cm inner diameter). Deionised water was added to 
all cores to reach 60% WFPS and pre-incubated at 25 °C for seven days to stabilise 
the microbial activity. After pre-incubation, moisture levels were adjusted to 60%, 
75% and 90% WFPS. Each core was placed in a 1L glass jar with a rubber septum 
inserted into the lid. The jars were placed at a constant temperature of 25 °C in an 
incubator. Soil moisture was checked every three days by weighing the cores and 
deionised water was added to adjust cores back to the assigned moisture contents. 
The incubation was carried out over two stages, each of which lasted 30 days. 
Nitrogen in the form of solubilised urea was added at a rate of 200 kg N ha-1 to 
replicate a common practice at Day 30 after completing the first stage and observed 
for next 30 days in the second stage. 
Methane fluxes were determined at 1, 2, 3, 5, 7, 10, 12, 15, 20, 25, and 30 
days after the incubation started and again after N was added (Day 30). Gas samples 
were taken from each jar at closure of the lid and after three hours based on a pre-
experiment for determination of timelines for gas sampling in small chambers 
(Nguyen et al., 2014b) by inserting a syringe through the rubber septum and 
immediately transferring the gas into evacuated 10 mL glass vials (Exetainer, Labco 
Ltd, UK). The lids of the jars were closed for gas sampling and opened afterwards to 
allow for free gas exchange with the ambient air. 
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Table 4.1 Chemical and physical characteristics of the three OAs and the two 
Broadwater soils. 
 
 Mill 
mud 
Composted 
mill mud 
Rice husk 
biochar 
Sandy 
loam  
Clay 
soil 
pH (1:5 soil:H2O) 7.2 6.9 9.0   4.9 4.9 
CEC (cmol(+) kg-1) 18.8 15.5 5.7   4.3 13.0 
Moisture (%) 66.3 50.7 6.8  - - 
Total C (g C kg-1 ) 250 120 464   22 25 
Total N (g N kg-1) 8.9 5.0   4.0   1.5 1.8 
C/N ratio (%) 28.1 22.6 116.1 14.5 14.1 
Soil bulk density by 
soil ring (g cm-3) 
  - - - 1.2 1.17 
Sand (%) - - - 75.4 17.2 
Silt (%) - - - 12.6 33.1 
Clay (%) - - - 12.0 49.7 
 
 Methane concentration in gas samples was measured by a gas chromatograph 
(Shimadzu, Japan) equipped with a flame ionization detector. Flux rates of CH4 were 
calculated using Equation 1 and 2 as described in van Zwieten et al. (2010b). 
Methane concentrations were log-transformed to obtain a normal distribution and 
interactions were tested by ANOVA using R Commander Software version 2.13.2 (R 
Team code 2011). 
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 4.3 RESULTS AND DISCUSSION 
4.3.1 Methane consumption and emission rates 
The average daily CH4 consumption rates for all treatments ranged from -
0.06 to -0.68 g CH4-C ha-1 d-1 in the sandy loam soil and -0.59 to -1.00 g CH4-C ha-1 
d-1 in the clay soil (negative flux rates indicate CH4 consumption). The treatments 
with RB consumed -0.52 to -0.55 g CH4-C ha-1 d-1 in the sandy loam and -0.76 to -
0.91 g CH4-C ha-1 d-1 in the clay soil. This is lower than the results reported in Scheer 
et al. (2010; 2011) with -1.6 g CH4-C ha-1 d-1 in the treatments with biochar. 
In the sandy loam soil, CH4 consumption was the highest at 60% WFPS 
compared to other water contents due to aeration condition which favoured activity 
of methanotrophic bacteria to oxidise CH4. The maximum value of CH4 consumption 
was -4.4 g ha-1 d-1 in CM treatment (Figure 4.1a). The CH4 consumption rates in all 
treatments at 60% WFPS of the sandy loam showed the same trend. When the water 
content increased to 75% WFPS, CH4 consumption was still the dominant process 
with the exception of MM, which emitted CH4 at almost every sampling event after 
Day 15. This treatment reached a maximum emission of 7.3 g CH4-C ha-1 d-1 at Day 
25 and a second peak of 3.7 g CH4-C ha-1 d-1 at Day 50 (Figure 4.1b). At 90% WFPS, 
CH4 fluxes increased significantly for MM and MB treatments whilst CH4 
consumption was markedly reduced for the remaining treatments. The MM and MB 
amended soils started to produce CH4 from days 7 and 15, respectively. The CH4 
emissions from MM reached a maximum of 505.9 g CH4-C ha-1 d-1 two days after N 
had been added (Figure 4.1c). The high CH4 emissions from MM were due to high 
degradable C content which supplied energy and C source for methanogenesis 
bacteria (Segers, 1998). Methane emissions peaked at 47.3 and 2.9 g CH4-C ha-1 d-1 
for the MB and RB treatments, respectively. With biochar amended treatment, CH4 
uptake increased significantly which is agreement with previous results (Karhu et al., 
2011) although the reason for this is not clear. After adding urea, CH4 consumption 
decreased and CH4 emissions increased which were found in MM and MB 
treatments. These results were reported in previous studies under the presence of 
NH +4  (Steudler et al., 1989). 
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Figure 4.1 Consumption and emissions of CH4 from Broadwater sandy loam and 
clay soils amended with different organic materials at different water contents. Bars 
are standard error of means (n=5). Arrows indicate the time when 200 kg N ha-1 was 
added. [Key: MM is mill mud, RB is rice husk biochar, MB is rice husk biochar plus 
mill mud, CM is composted MM and UN is the control without amendment].  
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In contrast, CH4 consumption was prevalent in all treatments in the clay soil; 
though elevated CH4 production occurred on days 45 and 50 in all treatments at all 
three water contents (Figure 4.1d-f). The highest emission value of 6.8 g CH4-C ha-1 
d-1 was observed in the control (UN) at 90% WFPS. The CH4 consumption rates and 
temporal trend were similar in all treatments. Clay content in soil affects the CH4 
emissions because some clay types protect organic matter from mineralisation and 
delays methanogenesis (Le Mer and Roger, 2001). High clay content may trap CH4 
in soil and decrease the CH4 emissions (Sass et al., 1994). 
 
4.3.2 Cumulative CH4 consumption and emissions 
Cumulative CH4 consumption and emissions over the 60 day trial period are 
presented in Figure 4.2. At 60% WFPS in the sandy loam soil, cumulated 
consumption of CH4 was the highest in MM amended soil (-40.8 g CH4-C ha-1) while 
the MB amended soil showed the lowest consumption with -26.2 g CH4-C ha-1 
(Figure 4.2a). In contrast, at 75% WFPS, MM amended soil produced the highest 
CH4 emissions (108.9 g CH4-C ha-1) while the remaining treatments consumed CH4, 
with an overall consumption of -32.8 g CH4-C ha-1 in RB (Figure 4.2b). The reason 
for the increased overall CH4 consumption in soil amended with RB is not clear. It 
has been suggested that biochar improves soil aeration and then decreases anoxic 
conditions in soil resulting in an increase of CH4 oxidation and decrease of CH4 
production (van Zwieten et al., 2009). 
At 90% WFPS, the MM amended sandy loam soil showed a steady increase 
in CH4 emissions from Day 15 to the end of the incubation. The cumulative CH4 
emissions of the MM treatment were 11,459 g CH4-C ha-1 (Figure 4.2c). The second 
highest CH4 emissions (1,630. g CH4-C ha-1) were seen in MB (Figure 4.2c). 
Emissions from RB were 43.2 g CH4-C ha-1 while the control (UN) and CM 
continued to consume CH4 at -25.1 and -3.4 g CH4-C ha-1, respectively. High 
decomposable C in MM and MB in the high soil water content (SWC) were 
decomposed in anaerobically to produce CH4. 
In the clay soil, CH4 consumption was found in all treatments and at all water 
contents (Figure 4.2d-f). The cumulative CH4 consumption at 60% WFPS was less 
for RB than for UN, MM and MB. The CH4 consumption values for all treatments 
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 ranged from -45.9 to -56.2 g CH4-C ha-1. The same trend was observed at 75% 
WFPS with RB showing the lowest cumulated CH4 consumption. However, at 90% 
WFPS, RB consumed -54.7 g CH4-C ha-1, more than any other treatments and 53.7% 
more than UN (Figure 4.2f). 
 
4.3.3 Effects of soil moisture 
Methane consumption was significantly affected by SWC in the sandy loam, 
but only marginally in the clay soil (Figure 4.2). In the sandy loam soil, the rates of 
CH4 consumption and emissions markedly changed when SWC increased from 60% 
to 75% and to 90% WFPS. Several studies have previously shown the negative 
relationship between SWC and CH4 oxidation in different ecosystems (Whalen et al., 
1991; Dobbie and Smith, 1996; Singh et al., 1998; Singh et al., 1999). MacDonald et 
al. (1997) proved that increased soil moisture resulted in decreased CH4 oxidation 
rates. In a study by Pol-van Dasselaar et al. (1998), the CH4 uptake was limited at 
water content lower than 12% WFPS and higher than 90% WFPS. According to 
Singh et al. (1999), CH4 consumption reached a peak at 20.7% WFPS and decreased 
to a minimum when SWC increased up to 66% WFPS.  
In the present study, application of RB and CM to the soil showed CH4 
consumption up to 75% WFPS in the sandy loam and all treatments in the clay soil 
consumed quantities of CH4 over the trial period. For MM amended sandy loam at 
75% WFPS, CH4 consumption ceased after 15 days of incubation and subsequent 
CH4 emissions reached a peak of 7.3 g CH4-C ha-1 d-1 after 25 days of incubation. At 
90% WFPS, all treatments stopped consuming CH4 after 7 days. Mill mud and MB 
treatments emitted CH4 which then fluctuated throughout the monitoring period. The 
treatments where RB was applied emitted CH4 emissions after 20 days of incubation 
with a maximum of 2.2 g CH4-C ha-1 d-1 at Day 60 of the incubation. This result does 
not support the results of Rowlings et al. (2012) who reported a positive linear 
relationship between daily CH4 uptake and SWC based on two-year observations. 
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Figure 4.2 Cumulative CH4 consumption and emissions from sandy loam and clay 
soil amended with different organic materials at different water contents. 
Arrows indicate the time of adding 200 kg N ha-1. [Key: MM is mill mud, RB is rice 
husk biochar, MB is rice husk biochar plus MM, CM is composted MM and UN is 
the control without amendment]. 
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4.3.4 Interactions  
Methane consumption and emission rates were significantly affected by soil 
types and time at three water contents and by sources of OAs at 60% WFPS (Table 
4.2). The relationship of water content and CH4 uptake was observed in both soils. 
The rates of CH4 uptake declined when the water contents increased in the sandy 
loam and in the treatments of MM and MB. This relationship was agreement with 
those reported in previous studies (Weier, 1999; Scheer et al., 2011).  
Table 4.2 The significance of fixed effects following mixed model analysis of CH4 
consumption and emissions from Broadwater sandy loam and clay soil amended with 
OAs. 
Effects 60%WFPS 75%WFPS 90%WFPS 
Soil ** * *** 
Time *** *** *** 
Organic amendments  ** NS NS 
Soil x organic amendments  NS NS * 
Soil x time *** *** *** 
Organic amendments x time NS NS NS 
Soil x organic amendments x time NS NS NS 
*** significant at P<0.0001, ** P<0.001, * P<0.05, NS non-significant.  
 
4.4 CONCLUSIONS 
The results of laboratory incubation indicated that applying RB could reduce 
CH4 emissions at 60% to 75% WFPS in the sandy loam soil. Mill mud amendment 
caused high CH4 emissions in the sandy loam soil when soil water moisture 
increased to 75% or above. Clay soil showed high and consistent CH4 consumption 
which increased when N was applied. The fine textured soil may trap the gas due to 
the limited diffusivity (Sass et al., 1994). Mill mud amendment had little effect on 
CH4 emissions and consumption at 60% WFPS in the sandy loam soil and the clay 
soil. However, at high water content (>75% WFPS), MM produced high rates of CH4 
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 emissions even when RB was added. The results showed that RB can increase CH4 
uptake under low SWC and decrease CH4 emissions under anaerobic conditions, 
while MM amendment resulted in extremely high CH4 emissions at 75% and 90% 
WFPS in the sandy loam soil. Composted MM reduced CH4 production. Raw MM 
should be composted before application to soil or combined with RB to reduce CH4 
emissions. The effects of these OAs on CH4 flux were not consistent in the clay soil 
suggesting further research is required. 
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 Abstract 
The effects of different organic amendments (OAs), namely raw mill mud (MM), 
composted mill mud (CM) and high N compost (HC) on soil N dynamics and plant N 
utilisation have been investigated in a field experiment in maize (Zea mays L.) on a 
sandy loam soil. Application of 15N labelled (5.224% of N atom access) urea (200 kg 
N ha-1) at 28 days after incorporation of OAs and sowing was used to determine the 
effects OAs have on plant N uptake and N dynamics. These results highlighted that 
the effect of OAs on plant N uptake and yield, as well as on soil N dynamics varied 
depending on their chemical properties such as C/N ratio, mineral N content and 
stability. Use of HC (low C/N ratio, high mineral N content) resulted in increased 
plant N uptake and kernel yield. The application of MM (intermediate C/N ratio, no 
mineral N content) resulted in decreased kernel yield, probably due to temporary N 
immobilisation following soil amended with MM and associated differences in N 
translocation in the plant. Composting of MM was shown to prevent N 
immobilisation, although N supply from CM was minimal. The treatments amended 
with MM and CM had more than 50% of the total N uptake originating from 
synthetic N fertiliser, 45% from the soil N pool and only 4% from the OAs, whereas 
20% of the total plant N uptake in HC originated from OAs. 
   
Keywords: Clay soil, fertiliser N recovery, high nitrogen compost, maize, 15N, sandy 
loam soil 
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5.1  INTRODUCTION  
Increasing costs of synthetic N fertiliser and a demand for more sustainable 
agricultural production systems have promoted the use of organic residues, both from 
agricultural (e.g. crop residues, manure, green manure crops) and non-agricultural 
sectors (e.g. food and fibre processing residues, park and garden residues, biosolids) 
to enhance nutrient supply and soil fertility. 
There are approximately 430,000 ha of sugarcane (Saccharum officinarum 
L.) grown along the east coast of Australia (Denmead et al., 2010) producing more 
than 30 million tonnes of sugarcane stalk annually. Each tonne of cane crushed 
produces about 0.06 tonnes of mill mud (MM), an organic by-product generated by 
sugar mills (Chapman, 1996) with about 2 million tonnes of wet MM generated 
annually (Barry et al., 1998). Mill mud commonly comprises around 75% water, but 
also contains valuable nutrients for crops and provides a good environment for rhizo-
bacteria. For this reason, MM can be used as an organic amendment (OA) for 
enhancing farm productivity and crop yield (Chapman, 1996; Barry et al., 1998; 
Qureshi et al., 2001) with cane yield improvement identified in several previous 
studies after MM application (Chapman, 1996; Kingston, 1999). 
 While MM is often returned to sugarcane farms, its distribution is often 
restricted to farms within a radius of 10–20 km from the mills (Qureshi et al., 2001). 
Managing both the freight costs and expansion of MM application has led to 
measures such as drying (Plaza et al., 2012) or composting. According to de Bertoldi 
et al. (1983) and Bernal et al. (2009), the composting process reduces the volume, 
moisture content, N availability and decomposition rate of the composted materials, 
making storage and long-haul transportation of composted MM feasible. 
The application of OAs such as MM and composts usually improves soil 
health and results in increased pH, phosphorus (P), N, calcium (Ca), magnesium 
(Mg), manganese (Mn), and zinc (Zn) levels in soil. Increased levels of N, P, 
potassium (K), iron (Fe), and Mn concentrations were also seen in sugarcane leaves 
(Gilbert et al., 2008). Organic amendments play an important role in increasing soil 
fertility, enhancing soil biodiversity and crop yield (Ros et al., 2006; Gilbert et al., 
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 2008; Arthur et al., 2012). The medium to long-term application of OAs changes soil 
chemical, physical and biological properties (Ros et al., 2006). Noticeable increases 
in soil organic carbon (SOC) have been recorded for example in a 37-year field 
experiment involving the use of sewage sludge compost (Zaman et al., 2004) and a 
six-year field experiment with composts and chicken manure (Canali et al., 2004). 
Furthermore, the application of OAs may reduce soil bulk density, increase soil 
porosity (Arthur et al., 2012) and increase microbial biomass C and basal respiration, 
especially in compost-amended treatments. These OAs usually contain nutrients in 
both mineral and organic forms, the latter of which is not immediately available for 
plant uptake unless mineralisation occurs. In order to realise maximum benefits from 
using OAs, nutrient supplies from such products should be accounted for in nutrient 
budgets, with potential reductions in mineral fertiliser applications, and/or increasing 
yield potential of the crop or pasture. For example, the application of MM equivalent 
to 100 tonnes dry matter with either nil fertiliser or 220 kg N ha-1 increased 
sugarcane yield by 16.4% and 30.7%, respectively (Elsayed et al., 2008). 
Application of 15N labelled fertiliser enables the temporal and spatial fate of 
N fertiliser in the cropping systems to be explored (Hood et al., 2000). There are 
many examples in which 15N techniques were used to determine N fertiliser recovery 
in different crops and soil types (Tran and Giroux, 1998; Yang et al., 2011). The 15N 
was also combined with OAs, primarily raw and composted manures to trace the N 
dynamics (Thomsen, 2001; Muñoz et al., 2004; Nishida et al., 2008; Jayasundara et 
al., 2010). However, the effects of applying sugar milling by-products on mineral N 
uptake have not previously been studied by using 15N tracer techniques. Yet, 
assessing 15N in sugar cane and sugar mill by-products is a lengthy process and that 
is outside the scope of this research project. Therefore, maize was chosen as a 
rotational crop because it has similar biological characteristics as sugar cane and the 
15N tracer technique can be used to assess the feasibility of using MM. 
The aims of this study were to determine the N uptake in maize and recovery 
of N applied with synthetic fertiliser and different OAs. Isotopically labelled 15N 
fertiliser was used to trace the N dynamics during production of a maize crop on a 
sandy loam soil. The hypotheses were (i) the application of OAs with high N content 
(low C/N ratio, high mineral N content) will increase N availability over the entire 
cropping season and boost crop yield; and (ii) the application of OAs with low N 
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content (high C/N ratio, low mineral N content) will temporarily immobilise N and 
decrease crop yield and N losses to the environment, or, conversely, require 
increased N fertiliser input to prevent yield reduction. 
5.2 MATERIALS AND METHODS 
5.2.1 Site description and design 
 
Figure 5.1 Daily rainfall (bars), daily maximum (dotted line) and minimum (solid 
line) temperature, time of sowing (S), fertiliser application (F) and harvest (H) for 
maize in Broadwater, NSW (Bureau of Meteorology, 2014). 
 A field experiment on a sugar cane farm was established in sandy loam soil 
with four treatments in Broadwater (29º00’S and 153º25’E), northeast NSW, 
Australia. This area has an average annual precipitation of 1,362 mm (1886–2014), 
with 691 mm of rainfall being recorded during the four month trial period October 
2011 to February 2012 (Bureau of Meteorology, 2014). The daily minimum and 
maximum temperatures during the trial period together with rainfall events are 
shown in Figure 5.1. 
The trial site was adjacent to a tidal stream resulting in a fluctuating water 
table that was quite shallow at times. Chemical properties for the sandy loam soil are 
presented in Table 5.1. 
 The trial involved the use of 15N in micro-plots and was integrated within a 
trial that measured greenhouse gas emissions following the use of OAs and urea 
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 (Biala, 2012). Each plot in the randomised complete block design measured 5 m x 5 
m with buffer zones of 1 m on each side of the plot. Each treatment was replicated 
four times and consisted of an un-amended control (UN) and three other OA types. 
The other treatments included an equivalent of 114 t ha-1 raw mill mud (MM), 109 t 
ha-1 composted mill mud (CM), and 22 t ha-1 high N compost (HC) on a wet weight 
basis. Raw MM was applied at a rate commonly used in the area (approximate 150 
m3 ha-1) and the other amendments were applied at rates that supplied approximately 
equal total N loads. Organic amendments were applied and incorporated immediately 
prior to sowing silage maize (cv. Pioneer 31H50, rows 75 cm apart, plants 25 cm 
apart) on October 24th, 2011. At 28 days after sowing (DAS; November 20th, 2011), 
200 kg N ha-1 (urea) was subsurface banded along all maize rows while the micro-
plots received 200 kg N ha-1 in the form of dissolved urea with 5.224% of 15N atom 
excess. Each micro-plot was confined by a 75 cm x 75 cm x 20 cm metal frame that 
was pushed 15 cm into the soil and encompassed three maize plants. The crop was 
harvested on February 15th, 2012 (114 DAS) at a stage when kernels were hard. 
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Table 5.1 Key chemical characteristics of organic amendments and soil at the 
Broadwater (NSW) trial site. 
   Mill mud Mill mud 
compost 
High N 
compost 
Sandy 
loam 
Application rate (t FMa ha-1) 114.0 109.0 22.0 - 
Moisture (%) 65.0 48.0 23.0 - 
Dry matter (t ha-1) 39.9 56.7 16.9 - 
pH 7.2 6.9 8.0 5.6 
Total C content (g C kg-1) 250.0 120.0 280.0 16.3 
Labile C (g C kg-1) 1.4 0.15 4.9 - 
Total N content (g N kg-1) 8.9 5.8 21.0 1.3 
Total N supplied (kg N ha-1) 355.0 329.0 355.0 - 
Mineral Nb (kg N ha-1) negl.c negl.c 74.4 92.8 
Total P (g P kg-1) 2.7 2.1 1.6 0.6 
Soluble P (mg P kg-1) 18.3 <1 <1 103.5 
Total K (g K kg-1) 1.7 2.1 0.8 - 
C/N ratio (%) 28.1 20.7 13.3 12.5 
a FM, fresh matter, b Mineral N includes ammonium NH +4  and nitrate NO
−
3 , 
c mineral 
N was considered negligible if concentrations in the product were below the 
detection limit (1 mg L-1); all nutrient concentrations for OAs are expressed on a dry 
matter basis. 
 
 The trial site had been cropped to sugar cane in the previous five years, 
including a planting and four ratoon crops. After harvesting sugar cane, which 
included burning of dead leaves and litter, the field was cultivated and left fallow for 
two months before the trial was established.  
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 5.2.2 Organic amendments  
 Three sources of OAs were used in the study: raw sugar cane mill mud 
(MM), composted sugar cane mill mud (CM), and high N compost (HC). The raw 
and composted MM products were provided by the Broadwater Sugar Mill. The MM 
was stockpiled for several weeks prior to use, while the CM comprised MM plus 
bagasse, and was aged for at least eight months following a three month windrow 
composting process. The HC, made from gelatine manufacturing residues, had 
relatively high total and mineral N content, and was used to contrast MM products 
that showed low N levels. The HC feedstock mix, which was composted for 
approximately four to five weeks, contained approximately 30% (v/v) wastewater 
sludge and skutch (boiled and minced cattle hide) and about 70% (v/v) bulking 
materials including shredded vegetation residues, old compost and boiler ash. The 
HC compost was not fully composted and stabilised which was reflected in high 
ammonium and labile carbon levels (Biala, 2012). The high N compost was 
mechanically screened to <20 mm at the composting operation. The key chemical 
properties of the OAs and the soil to which they were added are listed in Table 5.1.  
 
5.2.3 Description and preparation of samples 
Soil and plant samples 
Soil samples (0–20 cm) were taken from the field site at the beginning and 
end of the experiment. Additionally, deep soil samples (0–100 cm, divided into 
sections of 0–10, 10–20, 20–30, 30–50 and 50–100 cm) were taken after harvest and 
oven-dried (60 ºC for 48 h), ground to pass 0.15 mm sieve, and stored in a 
refrigerator (4 ºC) before analysis for 15N isotopes. 
 Leaf samples (one third of the third leaf from the top of the stalk) were 
collected from all three plants in the micro-plots at 28, 55, 77 DAS (i.e. before 15N 
urea application, elongation, and tasselling, respectively) to determine N content and 
percentage of N derived from fertiliser (%Ndff). At harvest (114 DAS), straw (above 
ground plant matter, excluding kernels), kernels and roots of all maize plants in 
micro plots, as well as weeds were separated and oven-dried at 70 ºC to a constant 
weight. Roots were collected by removing the entire root ball and all visually 
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identifiable roots to a depth of 25 cm. Subsequently, roots were washed with 
deionised water until clean, and dried as mentioned above. All soil and plant samples 
were sub-sampled and ground prior to 15N analysis with a SerCon Isotope Ratio 
Mass Spectrometer. 
Calculation of 15N 
 The percentage of N derived from 15N labelled fertiliser (%Ndff) and the 
percentage of fertiliser N recovery (%FNR) were calculated using the formulae (Eq. 
5.1 and Eq. 5.2) below (Bronson et al., 1991; IAEA, 2001). 
)1.5.(100% Eqx
cb
caNdff
−
−
=  
)2.5.(100
)(
)(% Eqx
cbf
capFNR
−
−
=  
where p is the total N in soil (kg ha-1), f is the rate of 15N labelled fertiliser 
applied (kg ha-1), a, b, and c are the 15N abundances (%) in soil samples, in the 
labelled fertiliser, and the natural 15N abundances (0.366 atom %15N), respectively. 
%Ndfs = 100 – %Ndff in unamended treatment (UN) and %Ndfa = 100 – 
(%Ndff + %Ndfs) in amended treatments where %Ndfs and %Ndfa are the percent N 
derived from soil and percent N derived from OAs, respectively. 
Percentage of fertiliser N use efficiency (NUE) was calculated as follows 
(Eq. 5.3) (Allen et al., 2004): 
NUE (%) = (Ndff x P)/f x 100 (Eq. 5.3) 
 where P is total N content in crop parts (kg ha-1) and f is total N applied (kg 
ha-1) with fertiliser. 
 
5.2.4 Statistical analysis: 
 IBM SPSS Statistics 21 was used for data analysis. One-way analysis of 
variance was used to determine the differences between treatments. The significance 
of difference was tested using LSD at the level of 0.05.  
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Table 5.2 Dry matter, N concentration and N yield in maize straw, kernel, and roots at harvest at Broadwater (NSW). 
 
Treat-
ments 
Straw Kernels Roots 
DMa 
(kg ha-1) 
N 
concentration 
(%) 
N yield (kg 
ha-1) 
DM 
(kg ha-1) 
N 
concentration 
(%) 
N yield (kg 
ha-1) 
DM 
(kg ha-1) 
N 
concentration 
(%) 
N yield 
(kg ha-1) 
UNb 8,549±648 1.24±0.05 106.0±4.4 8,247±680 1.46±0.07 120.4±5.7 1,378±171 0.88±0.05 12.1±2.0 
MMc 9,330±673 1.33±0.02 124.1±8.8 6,121±1371 1.71±0.18 104.7±22.7 1,295±126 0.81±0.03 10.5±1.1 
CMd 9,749±730 1.05±0.07 102.4±10.4 8,691±533 1.39±0.07 120.8±4.8 1,307±85 1.15±0.16 15.0±1.4 
HCe 9,399±741 1.24±0.06 116.5±4.4 9,304±939 1.72±0.07 160.0±11.2 1,292±83 0.96±0.11 12.4±1.6 
P value 0.673 - - 0.143 - - 0.952 - - 
a Dry matter, b unamended, c raw mill mud, d composted mill mud, e high N compost 
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5.3  RESULTS AND DISCUSSION 
5.3.1 Maize yield and N uptake response to N application  
 The highest above-ground dry matter yield (straw and kernel) was recorded 
for HC (18,703 kg ha-1) and the lowest for MM (15,451 kg ha-1). The kernel yield 
represented 39.6% of total above-ground dry biomass in MM amended soil, while 
this proportion ranged between 47.1% and 49.7% for the other treatments. Dry 
matter and N yields of straw and root did not show a significant difference between 
treatments (Table 5.2). The lowest kernel yield was found in MM (6,121 kg ha-1), 
which was 25.8% lower than the control UN (8,247 kg ha-1) while the best kernel 
yield was measured in HC (9,304 kg ha-1) which was 12.8% above the control (Table 
5.2).  
 The straw harvested from CM amended soil contained significantly lower N 
concentration than all other treatments (p<0.05). The highest N concentration in 
maize kernels was observed in the HC treatment, the lowest in the CM amended soil. 
Conversely, roots grown in CM amended soil showed the highest N content, 
significantly higher than in roots from MM amended soil. Although dry biomass 
yields (straw, kernels and roots) and N concentrations varied between treatments, 
total N yields were identical in UN, MM and CM (238 kg N ha-1). Use of HC 
resulted in the highest total N yield (289 kg N ha-1), which was 21.4% higher than in 
other treatments. 
 The above data suggest that N partitioning between straw, kernels and roots 
was affected by OAs, specifically their effects on N availability and N uptake by 
plants. Use of MM resulted in a smaller proportion of N being translocated to 
kernels, and a larger proportion being transferred into straw. This effect is also 
visible in Table 5.3, which shows results for 15N values. 
 According to (Pearson and Jacobs, 1987), N supply levels before anthesis are 
critically important for N partitioning, plant growth and yield of maize. They 
reported that 15 days after anthesis all shoot fractions differed significantly according 
to the N supplied before anthesis, and at maturity the grain, cob, shank and husk 
varied with N supplied before anthesis. Hence, the poor growth of maize plants in 
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 MM-amended soil during the initial four to eight week period, most likely due to N 
immobilisation caused by MM, altered N partitioning and was responsible for low 
kernel yield in this treatment. Conversely, Pearson and Jacobs’ (1987) statement that 
maize plants which are large by high N before anthesis retain the ability to grow 
faster after anthesis, compared with plants growing with low N supply. Soil amended 
with HC also supports the good performance of plants grown which supplied ample 
N from the time of sowing. These data suggest that the use of OAs that cause N 
draw-down can cause irreversible negative effects on plant growth and yield, even if 
adequate mineral N is supplied at a later stage. In our trial, 200 kg N ha-1 was 
supplied as urea four weeks after sowing.  
Table 5.3 Effects of organic amendments on the fertiliser 15N use efficiency in maize 
straw, kernels, roots and the whole plant at harvest at Broadwater (NSW). Percentage 
values are mean ± standard error (n=4). 
Tr
ea
tm
en
ts
 
 
Straw Kernels Roots Total 
kg N 
ha-1 
% 
applied 
N 
kg N 
ha-1 
% 
applied 
N 
kg N 
ha-1 
% 
applied 
N 
kg N 
ha-1 
% 
applied 
N 
UNa 61.8 30.9±0.9 62.4 31.2±1.2 5.2 2.6±0.5 129.4 64.7±2.5 
MMb 68.4 34.2±1.8 49.8 24.9±3.1 3.8 1.9±0.2 122.0 61.0±3.7 
CMc 55.0 27.5±1.1 57.2 28.6±0.9 6.8 3.4±0.4 119.0 59.5±1.8 
HCd 54.0 27.0±0.4 65.2 32.6±1.8 4.2 2.1±0.3 123.4 61.7±2.0 
P value  0.003  0.031  0.073  0.470 
LSD0.05  3.5  5.9  -  - 
a Unamended, b raw mill mud, c composted mill mud, d high N compost 
 
5.3.2 Fertiliser 15N use efficiency 
 Fertiliser NUE rates in maize straw, kernels and roots at time of harvest are 
shown in Table 5.3. Straw contained between 27.0% and 34.2% of fertiliser-supplied 
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N (200 kg N ha-1) with a significantly (P<0.05) higher recovery rate in MM than in 
CM and HC treatments. Kernels contained a slightly lower proportion of fertiliser-
supplied N (24.9% to 32.6%) with a significantly lower recovery rate in MM 
compared to UN and HC. Fertiliser NUE rates in roots varied between 1.9% and 
3.4% with no significant difference between treatments. The highest total fertiliser N 
recovery rate, 64.7%, was found in the unamended control (UN), while treatments 
that received OAs showed recovery levels of 61.7% (in HC) or less. It was 
unexpected to see that the additional supply of N from HC (> 74 kg N ha-1) did not 
result in a significant reduction of fertiliser NUE. In fact, our trial suggests that 
fertiliser NUE is neither affected greatly by OAs with considerable N supply 
capacity (HC), nor by those that cause temporary N drawdown (MM). Recovery of 
fertiliser derived N in treatments with OAs was lower by 3 to 5 percentage points 
than in the control (Table 5.3).  
 Fertiliser NUE in this study ranged from 59.5% to 64.7%, which was rather 
high compared to previous research, conducted without the use of OAs (Tran and 
Giroux, 1998; Yang et al., 2011). The observed fertiliser NUE rates are also high 
when considering that a single N application of 200 kg N ha-1 was used in our trial, 
as N recovery tends to decrease with increasing fertiliser application rates (Barbieri 
et al., 2008). Yang et al. (2011) reported 15N recovery rates between 23.7% and 
43.6% in maize with split N application (basal and top-dress). Tran and Giroux 
(1998) demonstrated total N recovery of 51% and 47% in maize grown for kernels 
and silage production, respectively. 
 Most fertiliser N was contained in kernels and straw, with only 1.9%–3.4% 
being found in roots (Table 5.3). A key factor that affects the calculated N recovery 
rate in roots in field trials is obviously the proportion of roots that are recovered and 
accounted for. Therefore, fertiliser N recovery rates in roots are difficult to determine 
in field trials, and impossible to compare between trials. 
 Although total N uptake from fertiliser, soil and OAs was not significantly 
different between treatments, N uptake by maize plants that grew in HC amended 
soil was 50 kg N ha-1 higher than in plants growing in other treatments (239 kg N ha-
1) (Table 5.4). Labelled 15N urea accounted for 42.7% to 54.3% of the total N uptake. 
It was assumed that N uptake from soil in treatments with OA application was 
similar to the control (UN), which was measured at 109.1 kg N ha-1. Consequently, 
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 the differential between total N uptake and N supplied from fertiliser and the soil was 
assumed to be supplied by OAs. This meant that the assumed N uptake from OAs 
was 8, 10 and 57 kg N ha-1 in MM, CM, and HC amended soil, respectively, 
accounting for 3.4%, 4.2% and 19.6% of the total N uptake respectively (Table 5.4). 
However, the contributions of N nutrient from mineralisation of MM and CM were 
not significant.  
 
Table 5.4 The origin of N uptake in maize at harvest time at Broadwater (NSW). 
Values are mean ± standard error (n=4). 
Treatments N uptake and supply (kg N ha-1) Distribution (%) 
Total N 
uptake 
N from 
fertiliser 
Na from 
soil 
N 
from 
OAs 
N from 
fertiliser 
N 
from 
soil 
N 
from 
OAs 
UNb 238.5±10.5 129.4±4.9 109.1±9.4 0 54.3±2.4 45.7 0 
MMc 239.2±31.2 122.1±7.4 109.1±9.4 8.1 51.0±4.4 45.6 3.4 
CMd 238.2±13.2 119.0±3.2 109.1±9.4 10.1 50.0±3.3 45.8 4.2 
HCe 289.0±14.9 123.3±4.0 109.1±9.4 56.6 42.7±2.3 37.7 19.6 
P value 0.227 0.471 - - 0.135 - - 
aAssumed that N uptake from soil with OAs was identical to N uptake from soil 
measured in control treatment (UN), b unamended, c raw mill mud, d composted mill 
mud, e high N compost. 
 
 The relatively low contribution of many compost types other than manure 
based products to satisfy crop N demand is well documented (Amlinger et al., 2007; 
Biala, 2011). This is particularly the case in the first years of using compost when N 
draw down effects can easily occur (Haber et al., 2008). Soil incorporation of MM 
resulted in markedly reduced soil NO −3  levels (1.1 mg N kg
-1 soil) compared to 
unamended soil (5.5 mg N kg-1 soil) at 10 days after application of OAs, suggesting 
N draw down effects following the use of MM (Biala, 2012). An incubation trial that 
largely replicated the field trial confirmed that use of MM caused N immobilisation 
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in the first 30 days (unpublished data) and even after addition of N fertiliser in both 
60% and 90% WFPS (Nguyen et al., 2014a). Conversely, the use of CM in the field 
trial had increased soil NO −3  levels marginally compared to unamended soil at 10 
days after application, while the use of HC increased the NO −3  concentration 
significantly to 25.4 mg N kg-1 soil (Biala, 2012). These data are supported by 
calculations which suggest that MM and CM supplied negligible amounts of mineral 
N at the time of application, while HC supplied approximately 74 kg N ha-1 (Table 
5.1). Soil mineral N levels in the top 20 cm of unamended soil at the beginning of the 
trial were 92.8 kg N ha-1 (Table 5.1), which is similar to the amount of N taken up by 
plants from the soil. It is not known whether and how much N was contained in the 
soil at the start of the trial and taken up by maize plants originated from fertiliser 
applied to the previous sugar cane crop, incorporated crop residues or mineralised 
soil organic matter (SOM). Regardless of the source, these results demonstrate the 
important role N supply from soil pools plays in providing adequate N for meeting 
maize N requirements. Use of OAs helps maintain SOM and organic N levels, 
ensuring future N supply from soil pools for plant production purposes. 
 
5.3.3 Distribution of residual 15N in soil profiles 
 Residual 15N remaining in the soil profiles (0–100 cm) after harvesting maize 
was small and ranged from 5.1 to 10.0 kg N ha-1, accounting for 2.6%–5.0% of the 
urea-15N applied. Between 85% and 94% of the residual 15N was found in the 0–20 
cm soil layer with little 15N detected at deeper soil levels (Table 5.5 and Figure 5.2). 
There is a high probability that water soluble N was leached from the soil profile and 
ended up in the ground water because the trial site had sandy loam textured soil and 
is located 4 m above sea level adjacent to the Broadwater, which is under tidal 
influence. This N loss pathway was greatly enhanced by heavy rainfall (200 mm) in 
the last week of January (Figure 5.1), not long before harvesting and soil sampling. 
Unaccounted N losses represented 30%–36% of applied mineral N fertiliser. At the 
end of a trial with maize, Yang et al. (2011) found that 45% to 60% of the applied N 
fertiliser (as urea) was retained in 0–150 cm depth of sandy loam soil and half of that 
was in the 0–20 cm soil layer. Pilbeam et al. (2002) reported that about 58% of 
applied N fertiliser (as urea) was retained in the 0–60 cm (sandy loam) soil layer. In a 
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 study with nitrification inhibitor dicyandiamide, Vilsmeier (1991) found only 3% of 
the applied N (ammonium sulphate) was left in the soil. In the current study, about 
0.6% to 1.6% of the applied N fertiliser was used by weeds, which is returned to soil 
if weeds are not removed from the field.  
 
 
Figure 5.2 Fate of urea-15N fertiliser applied together with organic amendments for 
the production of maize at Broadwater (NSW). Tagged values are mean in kg ha-1. 
Horizontal bars present the standard error (n=4).  
 
 The apparent loss of fertiliser N is contrasted by the previously discussed 
unaccounted uptake of N by plants. Nitrogen loss can occur through various 
pathways, including temporary N fixation in soil, gaseous N losses (N2, N2O) 
following nitrification and denitrification, leaching, and run-off. Unaccounted N 
losses in this field trial ranged between 60 and 73 kg N ha-1 (Figure 5.2), accounting 
for 30%–36% of the applied 15N urea. The high N loss in this experiment could have 
been caused by a variety of reasons.  
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 Nitrous oxide emissions over a 63 day period (29.10 – 30.12.2011) following 
OA application were 1.55 kg N ha-1 in UN and 4.56 kg N ha-1 in HC which was 
reported in Biala (2012). Whilst gaseous N2 emissions were not specifically 
monitored in this study, Weier (1999) reported N2:N2O ratios in cane soils exceeding 
1000 in a short-term field study. In Weier’s study, the soil had a clay content of 40%, 
in sharp contrast to the soil at Broadwater, a 75% sand. The most likely and 
significant N loss pathway at Broadwater is therefore nitrate leaching to the 
groundwater. In an incubation trial, Nguyen et al. (2014a) found that nitrification in 
the sandy loam soil amended with MM, CM and HC was higher than in the 
unamended soils, with NO −3  concentration being 2.4 to 4.5 times higher than NH
+
4  
concentration. Nitrate is significantly more mobile than NH +4  due to its negative 
charge (Groffman and Rosi-Marshall, 2013) and therefore leaches more easily into 
the groundwater. The fact that N fertiliser application (200 kg N ha-1 as urea) 
occurred once as side-dressing at 28 DAS rather than as split applications, may have 
contributed to leaching losses. Fertiliser N loss depends on soil types, climatic 
conditions (Tran and Giroux, 1998), application rate and timing (Yang et al., 2011). 
Fertiliser N loss reportedly varied from 9.8% to 36.9% in soil texture of loam to silt 
loam or gravely sandy loam (Tran and Giroux, 1998). Nitrogen fertiliser application 
should be split into two or more applications to reduce N loss (Dalal et al., 2003). 
Investigating N losses, Yang et al. (2011) found that 14%–24% and 20%–33% of N 
were lost following basal and top-dress application, respectively. The optimum ratio 
of basal to side-dress N application in maize grown in North China was found to be 
1:2.1 (Cui et al., 2008). Maize has the highest N demand during the elongation stage. 
In our trial, all fertiliser N was applied once at 28 DAS, about three weeks before the 
elongation stage. Cui et al. (2008) showed that high N supply close to the time of 
peak N requirement may enhance kernel yield and N recovery. 
 
5.3.4 Content of N and 15N in maize plant during the growing season 
 N content in maize leaves before fertiliser application (28 DAS) was recorded 
at slightly more than 2% for all treatments, except for HC, which showed high leaf N 
content of more than 3% (Figure 5.3). Fertiliser application resulted in peak N levels 
of almost 4% at the elongation stage (55 DAS) in all treatments, which is considered 
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 ideal. Subsequently, leaf N levels decreased fairly uniformly to slightly more than 
1% at harvest (114 DAS). Maize has the highest N demand between elongation (55 
DAS) and tasselling (66 DAS) (Garcia, undated). After pollination, the maize plant 
moved nutrients, including N, from leaves to the cobs and kernels, resulting in 
declining N content in leaves to 1%. The %Ndff in leaves built up to between 55% 
and 65% at 55 DAS for all treatments except HC and then levelled off to contain 
between 55% and 60% at harvest. Maize grown in HC amended soil contained about 
42% Ndff at 55 DAS, a level that was more or less maintained until harvest because 
16% N was taken up from OA. Although N content varied from time to time, the N 
derived from synthetic fertiliser comprised more than 55% of total N found in maize 
leaves throughout the growth cycle after fertiliser application, except for HC 
amended soil where leaf N content ranged between 42% and 45%.  
 
Table 5.5 Residual urea-15N found in the soil profile at Broadwater (NSW) after 
harvesting maize. 
Treatments Residual 15N (kg N ha-1) at different soil depth (cm) 
0–10 10–20 20–30 30–50 50–100 Total 0–100 
UNa 6.0 ± 0.4 1.1 ± 0.8 0.3 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 7.9 ± 1.3 
MMb 7.1 ± 1.4 1.3 ± 0.2 0.3 ± 0.1 0.4 ± 0.3 0.9 ± 0.7 10.0 ± 2.1 
CMc 4.9 ± 1.1 1.5 ± 0.5 0.2 ± 0.1 0.1 ± 0.0 0.1± 0.01 6.8 ± 1.8 
HCd 3.3 ± 1.0 1.2 ± 0.3 0.4 ± 0.2 0.2 ± 0.1 0.1± 0.01 5.2 ± 1.2 
P values 0.140 0.913 0.945 0.250 0.425 0.228 
a Unamended, b raw mill mud, c composted mill mud, d high N compost 
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Figure 5.3 Changes of N concentration and percent 15N derived from fertiliser in 
maize leaves during the Broadwater (NSW) growing season (4L: four leaves, E: 
elongation, T: tassel and H: harvest) after various treatments a) UN, b) MM, c) CM, 
and d) HC. 
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 5.4 CONCLUSIONS 
 The use of various OAs for growing a crop of maize did not alter the total 
amount of fertiliser N taken up by the crop. This was despite the fact that use of MM 
caused temporary N immobilisation, and use of HC provided 74 kg N ha-1 of mineral 
N at the time of application. However, amendment of soil with MM resulted in 
markedly lower total DM yield than other treatments, which was primarily due to a 
significantly reduced kernel yield. Temporal differences in N availability and 
subsequent N translocation within the plant could be the reason for the difference. 
Fertiliser N recovery ranged between 59.5% and 64.7%, with no apparent difference 
between treatments, and unaccounted losses of around 35% to 40%.  
Our results confirm that OAs such as MM can cause a temporary N draw 
down and reduce crop yield despite significant fertiliser application. However, they 
also show that OAs with high mineral and organic N content at time of application 
can supply significant amounts of plant available N, which can either result in 
increased yield, or provide scope for reducing fertiliser N application rates. In 
conditions like those experienced in the trial, fertiliser N reduction would be the 
preferred option as this may improve fertiliser NUE and reduce N losses and 
environmental harm. 
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 Abstract 
We investigated the effect of maize residues and rice husk biochar (RB) on biomass 
production, fertiliser nitrogen recovery (FNR) and N2O emissions for three different 
subtropical cropping soils. Maize residues at two rates (0 and 10 t ha-1) combined 
with three rates (0, 15 and 30 t ha-1) of rice husk biochar were added to three soil 
types in a pot trial with maize plants. Soil N2O emissions were monitored with static 
chambers for 91 days. Isotopic 15N labelled urea was applied to the treatments 
without added crop residues to measure the FNR. Crop residues incorporation 
significantly reduced N uptake in all treatments and biomass production in the 
sandiest soil but did not affect overall FNR. Rice husk biochar amendment had no 
effect on plant growth and N uptake but significantly reduced N2O and CO2 
emissions in two of the three soils. The incorporation of crop residues had a 
contrasting effect on soil N2O emissions depending on the mineral N status of the 
soil. The study shows that effects of crop residues depend on soil properties at the 
time of application. Adding crop residues with a high C/N ratio to soil can 
immobilise N in the soil profile and hence reduce N uptake and/or total biomass 
production. Crop residues incorporation can either stimulate or reduce N2O 
emissions depending on the mineral N content of the soil. Crop residues pyrolysed to 
biochar can potentially stabilise native soil C (negative priming) and reduce N2O 
emissions from cropping soils thus providing climate change mitigation potential 
beyond the biochar C storage in soils. Incorporation of crop residues as an approach 
to recycle organic materials and reduce synthetic N fertiliser use in agricultural 
production requires a thorough evaluation, both in terms of biomass production and 
greenhouse gas emissions. 
 
 
Keywords: Clay soil, greenhouse gas, N2O, nitrogen fertiliser recovery, rice husk 
biochar, sandy loam soil 
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6.1 INTRODUCTION 
 Agriculture is a major emitter of greenhouse gases (GHGs) to the 
atmosphere. Globally, it is estimated that there are about 5.1 to 6.1 billion tonnes 
CO2-eq yr-1 GHG emissions from agriculture, which contributed 10 – 12% of the 
total anthropogenic GHG emissions in 2005 (Smith et al., 2007). Croplands are 
responsible for 60% of total anthropogenic nitrous oxide (N2O) emissions which is a 
potent GHG with a GWP nearly 300 times that of CO2 and also the primary 
contributor to stratospheric ozone depletion (Smith et al., 2007; Ravishankara et al., 
2009) . Nitrous oxide emissions are affected by a number of factors such as soil 
organic C (SOC), N fertilisation, and fertiliser N rates. When SOC decomposes, it is 
emitted as carbon dioxide (CO2) into the atmosphere. On the other hand, agriculture 
has a significant climate change mitigation potential which could change the position 
of agriculture from the second largest emitter to a much smaller emitter or even a net 
sink of GHGs with the greatest mitigation contribution originating from soil C 
sequestration, but also methane and nitrous oxide emissions can be considerably 
reduced (Bellarby et al., 2008).  
 Globally, 3.8 billion tonnes of crop residues are produced annually from 
cereal, sugar, legumes, tuber and oil crops (Lal, 2005). The management of crop 
residues in cropping systems has a significant impact on soil quality and resilience, 
agronomic productivity, and GHG emissions from soil to the atmosphere (Lal, 1997). 
Maintaining crop residues on the soil surface after harvesting reduces water loss, 
limits weed growth and can improve the physico-chemical properties of soil. 
Retention of crop residues on cropping soils offers the potential of soil C 
sequestration and may lead to C sequestration at the rate of 0.2 billion tonnes yr-1 or 
5.0 billion tonnes of cumulative C sequestration in the world by the year 2020 (Lal, 
1997). However, this potential C sequestration can be offset if crop residues 
amendment substantially increases the emissions of other GHGs like N2O or CH4. To 
date, the effect of crop residues incorporation on soil GHG fluxes is not clear and 
both positive and negative effects have been observed depending on the N content of 
the crop residues (Chen et al., 2013). The incorporation of crop residues with a high 
C/N ratio may result in net N immobilisation during crop residue decomposition 
leading to reduced N2O emissions. Conversely, it has been shown that crop residues 
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 can stimulate N2O emissions in soils; (i) mineralisable N transformed into mineral N 
can provide additional substrate for nitrification and denitrification; (ii) mineralisable 
C from crop residues can stimulate heterotrophic denitrification activity generating 
N2O emissions from soil mineral N and crop residue N; and (iii) increased oxygen 
consumption from C mineralisation can create anaerobic soil condition and stimulate 
N2O loss from denitrification (Velthof et al., 2002). 
 In recent years, biochar production via pyrolysis of crop residues and its 
application to soil has been proposed as novel approach to sequester atmospheric 
CO2 in terrestrial ecosystems, increase crop yields and reduce GHG emissions from 
soil (Lehmann et al., 2006). Organic materials which are pyrolyzed to biochar have a 
reduced capacity to be oxidised to CO2 and thus offer a significant, long-term term C 
sink (Lehmann, 2007). It has been shown that biochar addition can improve plant 
growth and soil quality (Chan et al., 2007b; Chan et al., 2008; Major et al., 2010b). 
These positive yield responses of biochar addition were related to improved water 
holding capacity (Iswaran et al., 1980), increased N uptake (Wardle et al., 1998), 
liming values (van Zwieten et al., 2010a) and soil physical properties (Asai et al., 
2009; Major et al., 2010b). Some studies also observed negative reponses to crop 
growth due to pH induced micro-nutrient deficiency (Kishimoto and Sugiura, 1985). 
Several studies have shown that biochar can alter microbial communities and 
biogeochemical processes in soils (Song et al., 2014; Pereira et al., 2015), however, 
there is still contradiction over the effect of biochar on soil GHG fluxes. Several 
studies demonstrated reduced N2O emissions (Yanai et al., 2007; Singh et al., 2010b; 
van Zwieten et al., 2010b; Liu et al., 2011; Wang et al., 2011a) and increased CH4 
uptake (Karhu et al., 2011) associated with the effects of biochar on soil aeration, N 
availability and pH, while other studies have shown no effects (Scheer et al., 2011; 
Suddick and Six, 2013; Pereira et al., 2015) or increased emissions in others (Clough 
et al., 2010; Singla et al., 2014).  
 Little is known on the combined effect of biochar and crop residue 
amendment on GHG fluxes from cropping soils and no study is available to evaluate 
the effect of biochar application in soils which are incorporated with crop residues in 
relation to fertiliser N recovery (FNR). Therefore, the objective of this study was to 
evaluate the effect of crop residue and rice husk biochar (RB) amendment on 
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biomass production, N losses and N2O emissions from three different subtropical 
cropping soils in Australia. We hypothesised that crop residue addition would 
increase N immobilisation and in combination with rice husk biochar reduce N loss, 
improve FNR and reduce N2O emissions from the investigated sugar cane soils. 
6.2 MATERIALS AND METHODS 
6.2.1 Rice husk biochar and crop residues 
 Rice husk biochar was produced from rice husk by thermal pyrolysis at 350 – 
500ºC and sieved to <2 mm before application to soils. It had a pH 9.1, 0.4% total N, 
46.4% total C and 6.8 % moisture (Table 6.1). 
 The crop residues used in this experiment was maize straw (Zea mays L.) 
collected from a previous field experiment planted in October 2011. The maize 
received 200 kg N ha-1 as urea and was harvested after 114 days. The maize straw 
was chopped and dried at 60 °C for 72 h and ground to pass a 2 mm stainless steel 
screen. Characteristics of the crop residues are 1.1% total N and 43.0% total C (Table 
6.1). 
 
6.2.2 Soil preparation 
 Three soils were collected from the coastal humid subtropical cropping 
region in eastern Australia. Surface soil (0 – 20 cm) from a sandy loam (Soil 1) and a 
clay (Soil 2) were both collected from established (6 months) sugar cane fields near 
Broadwater, New South Wales (NSW) (29º00’S 153º25’E), and a sandy loam from a 
recently planted field near Rocky Point, Queensland (27º46’S 153º18’E). Rice husk 
biochar and crop residues were thoroughly mixed with 7.35 kg (oven-dry weight 
base) soil sieved to 2 mm into a 7.8 L, 250 mm diameter plastic pot. Chemical 
fertiliser was applied identical as a basal requirement for maize industry in NSW 
(Garcia, undated) (0.981 g N and 0.20 g P and 0.8 g K pot-1, equivalent 200 kg N, 40 
kg P and 160 kg K as urea, K2HPO4 and K2SO4 ha-1, respectively). All P and 50% K 
and 40% N were applied just before sowing, 20% N was applied at 35 days after 
sowing and the remaining 50% K and 40% N were applied after 50 days. Treatments 
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 without crop residues were fertilised with 15N labelled (5.23 % atom excess) urea. 
Characteristics of soils, crop residues and rice husk biochar are shown in Table 6.1. 
 
Table 6.1 Properties of organic amendments and soils in the experiment. 
 Crop 
residues 
Rice 
husk 
biochar 
Sandy loam 
Broadwater  
Clay 
Broadwater 
Sandy loam 
Rocky Point 
pH (1:5 soil:H2O) - 9.00 4.7 5.18 4.42 
CEC (cmol(+) kg-1) - 5.65 8.9 11.0 7.6 
Moisture (%) 7.1 6.80  - - - 
Total C (g C kg-1) 430 464 36.4 22.8 32.2 
Total N (g N kg-1) 11.2 4.0 2.9 1.8 2.5 
C/N ratio (%) 38.4 116.1 12.7 12.7 13.1 
NH +4  (mg kg
-1 soil) - - 12.8 5.5 17.3 
NO −3  (mg kg
-1 soil) - - 19.9 19.8 31.0 
Soil bulk density 
(g cm-3) 
 - - 1.12 1.05 1.08 
Texture (USDA)   - - Sandy loam Clay Sandy loam 
Sand (%) - - 75.4 17.2 64.9 
Silt (%) - - 12.6 33.1 21.3 
Clay (%) - - 12.0 49.7 13.8 
 
6.2.3 Experimental design 
 Three rates of rice husk biochar (RB0, RB1, RB2) were compared with and 
without (CR0, CR10) the addition of crop residues for each soil. RB was applied at 
the equivalent of 0, 15 and 30 t ha-1 (0, 31.8 and 63.6 g C pot-1 respectively) and 
maize residues were added at the rate of 10 t dry matter ha-1 (equivalent to 19.6 g C 
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pot-1). The pots were arranged as a randomised complete block design with four 
replicates per treatment.  
 The crop cultivar used was maize cv. Pioneer 31H50, a silage variety. Three 
maize plants were sown in each pot and after 10 days thinned to one. The trial was 
irrigated with an automated drip system set to minimise leaching from the pots. In 
the first 30 days, 100 mL water were automatically irrigated twice a day. In the 
following 30 days the amount of water applied was increased to 200 ml and irrigated 
twice a day and in the last 31 days, 300 ml water was applied three times a day. Soil 
moisture varied between 55% and 80% water-filled pore space (WFPS) over the 
experiment. A plate was placed underneath the pot for collecting leachate which was 
returned to the pot. The trial was undertaken in a climate controlled glasshouse with 
day/night temperatures of 30/18 ºC.   
 
6.2.4 Gas sampling 
 A chamber (140 mm headspace and 100 mm diameter) with rubber septa lid 
was inserted into each pot next to the plant to collect gas samples (Figure 6.1). Gas 
samples were taken 20 times over the 91 day trial at 5 day intervals, with more 
intensive sampling following fertilisation. Headspace samples were collected at 0, 30 
and 60 minute intervals after closure and analysed for N2O concentration using a 
Shimadzu GC-2014 gas chromatograph equipped with an ECD 63Ni detector.  
Fluxes of GHG (N2O, CO2 and CH4) emissions from the static chambers were 
calculated from the slope of the linear increase or decrease of the three 
concentrations measured over the closure time as described by Scheer et al. (2014). 
Flux rates (F) of N2O were calculated using Eq. 6.1 and 6.2. 
9
6
10**
10*60***
corrCH
CH
MVA
MWVbF =    (Eq. 6.1) 
where: b is the increase in headspace concentration (ppb min-1); ACH is the basal 
area of the measuring chamber (m2); MWN2O-N the molecular weight of N2O-N (28 g 
mol-1); MWCO2: Molecular weight of CO2-C (12 g mol-1); MWCH4: Molecular weight 
of CH4-C (12 g mol-1); MVcorr.: Temperature corrected molecular volume (m3 mol-1); 
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 VCH: Volume of the measuring headspace chamber (m3); 60 converts from minutes to 
hours; 106 converts from g to µg, and 109 converts from ppb to µL m-3. 
MVcorr = 0.02241 * 15.273
15.273 T+
  (Eq. 6.2) 
where: MVcorr.: is defined as above; 0.02241: 22.41 L mol volume (m3 mol-1); 
T: Air temperature during the measurement (°C). 
 
 
Figure 6.1 Simple apparatus for collecting gas samples 
 
6.2.5 Soil and plant sampling 
 Soil sub-samples (100 g) were collected from 3 of the replicates every four 
weeks using a two cm diameter, stainless steel auger for mineral N analysis. Soil 
sampling did not disturb in the area of gas sampling. Soil bulk density after the 
experiment was measured by using a soil ring to take 100 cm3 soil that was dried at 
105 ºC for 24 h. Water-filled pore space (WFPS) was determined every fortnight by 
sub-sampling 50 gram soil, dried at 105 ºC for 24 h and calculated by following 
formula Eq. 6.3. 
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65.2
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*(%) EqBD
BDGWCWFPS
−
=  
where: 
- GWC: gravimetric water content (%) 
- BD: soil bulk density (g cm-3) 
- 2.65 assumes the soil particle density (g cm-3) 
 Maize plants were harvested after 91 days and the roots separated and washed 
in deionised water until clean. Both roots and above the ground biomass were dried 
in an oven at 70 ºC for 72 hours. Samples were fine ground and analysed using an 
isotope ratio mass spectrometer (20-22 IRMS, Sercon Ltd, Crewe, UK).  
 Fresh soil samples (20 g soil) were extracted with 100 mL 2.0 M KCl in 120 
mL plastic vials and analysed for NH +4  and NO
−
3  colourmetrically (AQ2
+, SEAL 
Analytical WI, USA). Total N in plant and soil was determined by dry combustion 
(Leco Trumac Series Macro Determinator, St. Joseph, MI, USA). 
Fertiliser 15N recovery (FNR) was calculated as described by Bronson et al. 
(1991). All 15N samples were analysed with a SerCon Isotope Ratio Mass 
Spectrometer. 
 
6.2.6 Statistical analysis 
 All statistical analyses were completed using R Commander Package 
statistical software 2.13.2 (R Development Core Team, 2008). Three-way analysis of 
variance (ANOVA) was used to determine the difference between treatments. 
Multiple comparisons were run in IBM SPSS 21. Differences were considered 
significant when P values were lower than 0.05.  
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 6.3  RESULTS 
6.3.1 Biomass production and soil mineral N 
 Total biomass production from three soils is presented in Figure 6.2. Above 
and belowground biomass production (root and straw) in treatments with crop 
residue incorporation ranged from 105 to 118 g pot-1 with a mean of 112 g pot-1. This 
was generally lower than that in treatments without crop residues where above and 
belowground biomass ranged from 101 to 135 g pot-1 with a mean of 121 g pot-1. 
Results of dry biomass production indicated both positive and negative responses to 
rice husk biochar additions. In Soil 1, there was no significant difference in biomass 
production for the different rice husk biochar rates. The nil crop residue treatments 
yielded ca. 112 g straw pot-1, 10% higher than the crop residues incorporated 
treatments. In Soil 2, there was no significant difference after crop residue or rice 
husk biochar addition in straw and total biomass production. Mean straw yield in the 
treatments with incorporated crop residues decreased by 7% compared to the nil crop 
residue treatments. In Soil 3, a significant difference in biomass production was 
found at different rates of rice husk biochar and interaction of rice husk biochar and 
crop residues, but no significant difference in the absence of crop residues was 
found. Overall, there was no significant effect of rice husk biochar on biomass 
production except for Soil 3 while crop residues significantly reduced biomass 
production in all soils. 
 Mineral N (e.g. NH +4  and NO
−
3 ) was not significantly affected by the 
application of rice husk biochar and crop residues. Nitrate in Soil 3 was significantly 
higher than in Soil 1 and Soil 2. The high rice husk biochar added soils showed a 
higher N availability, but the difference was not significant (Figure 6.3). 
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Figure 6.2 Effects of rice husk biochar and crop residues on biomass production in different soils. Vertical bars represent standard error. 
Different letters above the bars indicate significant difference between treatments in each soil (P<0.05). Lowercases refer for straw biomass and 
uppercases refer for root biomass.
Chapter 6: Rice husk biochar and crop residue amended in sugarcane soils 
 
141 

  
 
Figure 6.3 Effects of rice husk biochar and crop residues on NO −3  and NH
+
4  contents 
of three soils after maize harvest. Vertical bars represent standard error. Different 
letters above the bars indicate significant difference between treatments in the 
categories of nil or with crop residues (P<0.05). Lowercases refer for NO −3  and 
uppercases refer for NH +4 .  
 
6.3.2 Total N uptake and fertiliser N recovery 
 Crop residue addition significantly decreased total plant N uptake in Soil 1 
and Soil 3 (Table 6.2). Increased biochar rates had no significant effect on N uptake 
except for Soil 3 where N uptake was increased. Nitrogen uptake ranged from 0.77 to 
0.99 g N pot-1 in Soil 1 and from 0.90 to 1.19 g N pot-1 in Soil 3. No influence of the 
amendments on N uptake in maize straw was observed in Soil 2, which ranged from 
0.74 to 1.13 g pot-1. 
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 Table 6.2 Nitrogen uptake (g N pot-1) in maize in the three different soils after maize 
harvest. 
 
Soil 1 Soil 2 Soil 3 
Straw  Root  Straw  Root Straw  Root  
Nil crop residues (CR0)   
RB0 0.97±0.03 0.11±0.01 0.99±0.03 0.12±0.01 1.08±0.01 0.12±0.01 
RB1 0.99±0.04 0.11±0.01 1.13±0.10 0.08±0.01 1.19±0.06 0.13±0.01 
RB2 0.93±0.07 0.14±0.01 0.98±0.10 0.10±0.01 1.14±0.04 0.08±0.01 
With crop residues (CR10)   
RB0 0.79±0.02 0.09±0.01 0.74±0.10 0.06±0.01 0.90±0.01 0.09±0.01 
RB1 0.83±0.08 0.07±0.01 0.95±0.08 0.09±0.02 1.04±0.03 0.09±0.01 
RB2 0.77±0.08 0.07±0.01 1.05±0.06 0.07±0.01 1.07±0.01 0.10±0.01 
Significance test (P value)     
For RB 0.600 0.340 0.107 0.720 0.003 0.123 
For CR 0.005 0.001 0.089 0.013 0.001 0.116 
For RBxCR 0.969 0.048 0.149 0.040 0.215 0.057 
  
 Rice husk biochar addition and soil types had no significant influence on the 
fertiliser 15N recovery (%, FNR) in the soil or plant (Table 6.3). Fertiliser N recovery 
in soils varied between 16.7% and 29.2% (average 25.1%). Plant FNR ranged from 
68.7% to 81.0% (average 71.4%) with the highest mean FNR in Soil 2 (75.0%) while 
Soil 1 and Soil 3 were almost identical at 70%. An average of 3.5% of added 
fertiliser over three soils could not be recovered in the soil or in plant. Highest N 
losses were from Soil 3, with almost twice as much N lost compared to Soil 1 and 
Soil 2. 
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Table 6.3 Fertiliser N recovery (FNR) in soils, NUE in crop and N loss in different 
rates of rice husk biochar in different soils after maize harvest. 
Treatments FNR in Soil Total NUE in plant N loss 
 (%) (%) (%) 
Soil 1 27.4         70.0 2.6 
RB0 28.7 ± 1.0 69.0 ± 2.4 2.28 ± 1.6 
RB1 24.3 ± 4.0 73.8 ± 3.8 1.87 ± 0.5 
RB2 29.2 ± 8.5 67.0 ± 7.4 3.76 ± 1.1 
Soil 2 22.3           75.0 2.7 
RB0 27.5 ± 0.9 70.2 ± 1.4 2.32 ± 0.6 
RB1 16.7 ± 4.8 81.0 ± 6.9 2.35 ± 2.2 
RB2 22.8 ± 3.8 73.8 ± 5.5 3.45 ± 1.9 
Soil 3 25.6          69.2 5.2 
RB0 24.9 ± 1.1 69.4 ± 0.9 5.62 ± 0.6 
RB1 27.1 ± 3.6 68.7 ± 3.2 4.18 ± 2.1 
RB2 24.7 ± 4.1 69.3 ± 4.2 5.96 ± 0.6 
Mean of 3 soils 25.1             71.4       3.5 
Significance test (P value)   
For RB 0.451 0.358 0.396 
For Soils 0.341 0.257 0.057 
For RBxSoils 0.619 0.743 0.983 
 
6.3.3 Greenhouse gas emissions 
 The incorporation of crop residues significantly increased CO2 emissions in 
all three soils (Table 6.4). Adding rice husk biochar generally reduced CO2 
emissions, except for the nil crop residues in Soil 1 and with crop residues in Soil 3. 
The percentages of CO2 reduction varied from 15.4% in the nil crop residues plus 
RB1 in Soil 3 to 42% in the nil crop residues plus RB2 in Soil 2. 
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Figure 6.4 Daily fluxes of N2O emissions during the experiment growing time under different management of rice husk biochar rates and crop 
residues. Vertical bars represent standard error. Arrows indicate time of N fertilisation. 
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 Table 6.4 Effects of rice husk biochar and crop residues on total N2O and CO2 
emissions from three different soils. 
 
Treat-
ments 
Soil 1 Soil 2 Soil 3 
N2O* CO2§ N2O CO2 N2O CO2 
Nil crop residues (CR0)     
RB0 5.0±0.9 8.7±1.6 2.8±0.2 10.5±1.4 6.8±0.8 9.1±0.6 
RB1 2.2±0.2 11.3±1.4 1.8±0.3 7.4±1.2 5.7±0.6 7.7±0.5 
RB2 1.6±0.2 8.7±0.9 1.0±0.1 6.1±0.3 6.7±1.0 5.2±0.8 
Mean 2.9 9.6 1.9 8.0 6.4 7.3 
With crop residues (CR10)   
RB0 2.9±0.4 14.2±2.2 3.0±0.1 11.0±2.0 9.9±1.6 11.6±2.1 
RB1 1.6±0.1 11.2±0.8 2.3±0.3 13.4±1.7 8.1±1.3 12.7±2.2 
RB2 1.6±0.2 9.8±0.2 1.9±0.3 8.4±1.4 6.4±0.5 12.5±1.8 
Mean 2.0 12.0 2.4 11.0 8.1 12.2 
Significance test (P value)     
For RB 0.001 0.018 0.001 0.005 0.222 0.299 
For CR 0.023 0.002 0.009 0.002 0.051 0.001 
For 
RBxCR 
0.078 0.017 0.403 0.043 0.245 0.095 
* mg N2O-N, §g CO2-C pot-1, respectively 
 
Maximum emissions of N2O occurred in the first three days after maize sowing 
(Figure 6.4). The addition of the rice husk biochar significantly decreased N2O 
emissions from Soil 1 and Soil 2 under both the nil residue and crop residue 
treatments. Daily N2O emissions were the lowest in the Soil 2 and the highest in Soil 
3 where crop residue incorporation increased emissions over the first 60 days. Total 
N2O emissions during growing time (91 days) were significantly affected by the 
addition of rice husk biochar (P<0.001), except in Soil 3, but there was no significant 
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 interaction between the two sources of amendments (Table 6.4). Total N2O emissions 
decreased with increasing rice husk biochar rates in the three soils. Crop residue 
incorporation decreased N2O emissions in Soil 1, but significantly increased N2O 
emissions in Soil 3 (Table 6.4). Average N2O emissions over the experimental period 
varied from 0.012 to 0.075 mg N2O pot-1 d-1 in treatments without crop residues and 
from 0.017 to 0.108 mg N2O pot-1 d-1 in treatments incorporated with crop residues.  
 Methane fluxes were measured and low fluxes were observed, which were 
not significantly different from the fluxes in the control for each soil. Cumulative 
CH4 emissions varied from 0.007 mg C pot-1 to 0.20 mg C pot-1. Since, there were no 
significant difference between rice husk biochar rates and crop residue incorporation, 
the data is not shown here. 
 
6.4 DISCUSSION 
6.4.1 Effect of RB and crop residues on maize growth and N uptake 
  There was no significant effect of rice husk biochar rates on biomass 
production which is contrast to the literature where it is frequently suggested that 
biochar applications to soil can increase agricultural productivity (Blackwell et 
al., 2009). However, plant response to biochar addition only has been shown to 
vary according to biochar characteristic, soil type and plant species. Improved 
crop growth after biochar addition has been explained by mechanisms such as 
changed microbial activity, soil physical properties, pH, and CEC (Yamato et al., 
2006; Chan et al., 2007b; Rondon et al., 2007). We assume that in our study biochar 
did not affect maize growth probably due to the adequate supply of mineral N 
fertiliser and irrigation water to the experimental pots in all treatments. Another 
reason for this result could be that the short period of 91 days in this study was not 
long enough for the biochar to establish change in the microbial activity of the soils. 
Other studies reported an effect of biochar on biomass production only one year after 
application suggesting that biochar application to soil can provide increasing 
benefits over time (Steiner et al., 2007; Kimetu et al., 2008; Major et al., 2010b). 
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 Biochar had no effect on soil mineral N content but biochar application 
significantly increased N uptake in maize in Soil 3 which is most likely attributed to 
the higher mineral N content at the start of the experiment. The increased N uptake in 
the rice husk biochar treatments is consistent with earlier finding of Zhang et al. 
(2012b) who found that increased biochar rates significantly increased N uptake in 
maize. Results of this study suggest that the increased N uptake in Soil 3 applied 
with biochar can partly be explained by reduced gaseous N losses and increased N 
retention. 
 The effects of crop residues on biomass production depended on soil 
properties. It reduced biomass production in all three soils after its incorporation into 
the soil. This was most likely caused by N immobilisation over the cropping season, 
although this effect was no longer apparent in the mineral N content after harvest 
(Figure 6.3). Organic matter with a C/N ratio higher than 30 generally results in N 
immobilisation (Alexander, 1977). We assume that the high C/N ratio of the maize 
residues (C/N =38.4) used in this study immobilised soil mineral N and resulted in 
low N uptake.  
 
6.4.2 Effect of RB on fertiliser N recovery in soils and NUE in plant 
 The amount of fertiliser 15N recovery in the soils varied between 16.7% and 
29.2% with a higher amount of residual 15N found in Soil 1 and Soil 3 where high 
SOC content promoted N immobilisation. Total 15N recoveries were not significantly 
different, despite differences in total soil N in all three soils when 15N was added 
(Table 6.1 and 6.3). These results suggest that initial SOC content had little effect on 
total N retention in the cropping system.  
 There was no significant response of biochar amendment on plant FNR. Our 
hypothesis that rice husk biochar will increase FNR was not supported by this 
experiment where FNR in Soil 1 and Soil 3 was identical (70%), but lower than that 
in Soil 2 (75%). Our results showed a relatively high FNR because leaching was 
minimised as leachate water was collected and returned to the pot, which reduced N 
leaching losses from the root zone. The current results are at the upper level of FNR 
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 reported for agricultural crops varying between 30% and 78% (Broadbent and 
Carlton, 1978; Kirda et al., 2001). 
 After balancing the fertiliser N proportions between plant and soils, on 
average 3.5% fertiliser N was lost. Soil 3 had the highest N loss accounting for 
5.25% of N lost. Although this soil had a sandy texture combined with high N levels 
and low CEC, these losses couldn’t have resulted through leachate which was 
returned to the pots with a negligible amount. The N was, therefore, most likely lost 
via gaseous N emissions such as N2 and N2O. The observed emissions of N2O only 
accounted for 0.4% of fertiliser N added (Table 6.4). Whilst gaseous N emissions of 
N2 were not specifically monitored in this study, it has been shown that gaseous N 
losses can constitute the largest part of N losses in sugar cane systems with up to 100 
times as much N loss as N2 than as N2O (Weier, 1999). Since the soil pH during the 
experiment was below 5.5 (data not shown) also NH3 volatilisation can be considered 
negligible. Consequently, we hypothesise that the majority of N loss in this study 
was emitted as N2 from denitrification. 
 
6.4.3 Effect of RB and crop residues on GHG emissions 
 All treatments amended with crop residues increased CO2 emissions but the 
magnitude varied according to soil types and interaction with rice husk biochar rates. 
The increased CO2 emissions in the crop residue treatments confirmed that the added 
C substrate is immediately broken down by soil microbes after incorporation 
(Muhammad et al., 2011; Lehtinen et al., 2014). Furthermore, soil moisture in this 
study was maintained between 55% – 80% WFPS by irrigation which stimulated 
microbial activity and mineralisation because microbial activity is optimised at, or 
near field capacity, equivalent to 60% WFPS (Hofman and Van Cleemput, 2004).  
 There was a significant reduction of soil CO2 emissions in treatments where 
rice husk biochar had been added. Increasing rates of rice husk biochar addition also 
had an influence on the magnitude of the CO2 reduction. Such a “negative priming 
effect” of biochar addition on SOM degradation has been reported by other (Spokas 
et al., 2009; Zimmerman et al., 2011). The exact cause of this reduction is not 
known. One potential explanation is that application of biochar affects soil physical 
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properties such as soil structure, soil porosity, thereby changing oxygen content, 
water holding capacity and microbial activities (Downie et al., 2009). It can also 
reduce bioavailability of soluble organic substrate by OM sorption to biochar and 
physical protection which slows down mineralisation and decomposition of SOM. 
Moreover, a change in microbial abundance and community structure due to biochar 
presence may affect not only biochar mineralisation itself but also mineralisation of 
existing soil C (Lehmann et al., 2011). The results of this short term study suggest 
that rice husk biochar has the potential to enhance SOC preservation by retarding its 
mineralisation (negative priming) and thus could stabilise existing SOC in cropping 
soils. 
 The effect of crop residues on N2O emissions varied depending on soil 
chemical properties, in particular on the initial mineral N levels of the soil. The 
increase of N2O emissions after incorporating crop residues in Soil 3 was depending 
on the addition of mineral N fertiliser and organic matter substrate, stimulating 
denitrification capacity (Baggs et al., 2003). A recent meta-analysis of agricultural 
soils in Europe showed that N2O emissions are 12 times higher following crop 
residue incorporation due to increased denitrification stimulated by the added 
substrate and the creation of anaerobic micro sites by increased soil respiration 
(Lehtinen et al., 2014). In Soil 3, a high initial NO −3 , high decomposable C and 
suitable moisture regulated the denitrification process to produce more N2O. In 
contrast to the findings of Soil 3, we found a significant reduction in N2O emissions 
in Soil 1. This contrast likely depended on the low NO −3  content in the initial soil 
(Table 6.1) and after the experiment (Figure 6.3) which limited available NO −3  for 
the denitrification process. The results suggest that under low soil mineral N levels in 
Soil 1 the addition of crop residues increased the immobilisation of available NO −3  
which in turn led to reduced N2O emissions. 
 The hypothesis that the application of biochar would reduce N2O emissions 
was confirmed in this pot trial and confirmed what was already reported (Yanai et 
al., 2007; Singh et al., 2010a; Nguyen et al., 2014a). Nitrous oxide emissions from 
treatments applied with RB decreased by increasing rice husk biochar rates in all 
three soils with or without incorporation of crop residues confirming results of 
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 previous studies (Rondon et al., 2005; Zhang et al., 2010; Wang et al., 2012). 
Suppression of N2O emissions in treatments amended with biochar may result from 
increased soil aeration which inhibited denitrification rates. Biochar can also alter the 
soil microbial communities (Song et al., 2014) and promote microbial 
immobilisation of the available N in soil (Rondon et al., 2005; Singh et al., 2010a), 
although this effect was not apparent in the plant N uptake. The fact that both CO2 
and N2O production were reduced also suggests that biochar amendment might 
suppress microbial activities. 
6.5 CONCLUSIONS 
To our knowledge, this is the first study that investigates the combined effect of 
biochar and crop residue amendment on soil GHG emissions and the effect of 
biochar on plant FNR. Applications of rice husk biochar and crop residues 
significantly influenced overall N2O emissions but did not affect biomass production 
and FNR. This study highlights that incorporation of crop residues as an approach to 
recycle organic materials and reduce synthetic N fertiliser use in agricultural 
production requires a thorough evaluation, both in terms of biomass production and 
GHG emissions. In order to optimise the benefits of crop residue incorporation, soil 
properties need to be taken into account. The study also showed that application of 
rice husk biochar could potentially stabilise native and added soil C and reduce N2O 
emissions from these subtropical cropping soils at the same time. Thus, crop residues 
pyrolysed to biochar as a soil amendment has a climate change mitigation potential 
beyond the biochar C storage in soils. However, this study only investigated a short 
time frame right after the addition of rice husk biochar and did not show a positive 
effect on crop growth and FNR. Future work is needed to assess if biochar can 
improve agricultural productivity and provide a long-lasting mitigation as it has been 
indicated in current results. 
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Chapter 7: General Discussion and 
Conclusions 
  
 This chapter discusses the major findings and the significance of the study in 
the context of the overall research aims. Suggestions for future research and the 
principal conclusions of the study are also provided. 
7.1 GENERAL DISCUSSION 
 
7.1.1 Mitigating GHG emissions through the application of OAs  
 This research demonstrates that the impact of applying organic amendments 
(OAs) on GHG emissions such as CO2, N2O and CH4 depends on the physical and 
chemical properties of both the soil and the specific OA applied.  
CO2 emissions 
The application of OAs resulted in elevated CO2 emissions compared to 
unamended soils across all treatments. The relative magnitude of these emissions 
was in proportion to the amount of decomposable organic carbon in the specific 
treatment applied. As the rate of total N application was fixed, higher CO2 emissions 
can be directly linked to the proportion of decomposable organic carbon in the OA. 
The total amount of OA applied in combination with the C/N ratio determined the 
impact on CO2 emissions in both absolute and relative terms, except where 
composting was part of the OA preparation resulting in lower labile C and mineral N 
availability.      
Linear regression models were developed using dry matter, C/N ratio, soil 
CEC and WFPS as input variables. The models were able to describe the production 
of CO2 during the 60 day incubation experiment, including the application of urea 
after day 30. The results were consistent with previous research indicating that OAs 
with a C/N ratio in excess of 30 have insufficient N to meet microbial demand for 
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 rapid decomposition and initially degrade at a slower rate than those with lower C/N 
ratios. 
 The incorporation of maize crop residues (CR) in the pot trial was also shown 
to increase CO2 emissions, with the magnitude of these emissions being dependent 
on soil type and interaction with rice husk biochar application rates. The abrupt 
increase of CO2 emissions following incorporation confirmed that the CR provided 
additional C substrate which was immediately broken down by soil microbes. This 
effect was amplified by maintaining soil moisture levels at 55% - 80% WFPS 
throughout the experiment, a level which is considered optimal for soil microbial 
activity (Hofman and Van Cleemput, 2004). However, although the addition of CR 
amplified CO2 emissions, it also has the capacity to build up SOC levels and improve 
soil properties.   
The application of rice husk biochar was found to significantly reduce CO2 
emissions in both the incubation and glasshouse pot experiments. The addition of RB 
in the pot trial appeared to mitigate the effect of applying CR on CO2 emissions as 
increasing rates of RB application influenced the magnitude of the CO2 reduction. 
Whilst the exact cause for this reduction is not known, it could possibly be attributed 
to the decreased bioavailability of substrates after the addition of RB which is 
consistent with the results of previous studies (Singh et al., 2010a; Zimmerman et al., 
2011). These findings suggest that the addition of RB has the potential to enhance 
SOC preservation through a ‘negative priming’ effect which impedes mineralisation 
and stabilises existing SOC stocks, thus providing climate change mitigation 
potential beyond the biochar C storage in soils. 
N2O emissions 
 The amount of N2O emitted over the 60 day incubation was negatively 
correlated with the C/N ratio of the OAs in both the clay and sandy loam soils (i.e. 
higher N2O emissions at lower C/N ratio). A regression model was developed using 
the same input parameters as for CO2 which was able to estimate N2O emissions 
from soils amended with OAs before and after synthetic N fertiliser application. The 
model has the capacity to inform management decisions regarding the amount and 
type of organic matter to be applied to soils in order to minimise N2O emissions.  
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 N2O emissions were found to be lower in the fine textured clay soil compared 
to the coarse textured sandy loam soil across all water levels for each OA applied. 
These results were observed in the incubation experiment and in the pot trial without 
CR incorporation. The high CEC of the clay soil may have facilitated the 
immobilisation of NH +4 at cation exchange sites, however mineral N data collected 
upon conclusion of the 60 day incubation did not support this hypothesis. The 
physico-chemical protection of SOM can result from the interaction between clay 
particles and different types of organic C (Rabbi et al., 2010). This interaction is 
facilitated by the large surface area and charged surfaces of clay particles (Rabbi et 
al., 2010). This physico-chemical protection of SOM could result in less substrate 
availability for microbial processes and therefore lower GHG emissions. Higher N2O 
emissions in the sandy loam soil could be attributed to the coarse texture and low pH 
promoting conditions favourable for nitrification, as Cayuela et al. (2010) observed. 
However, the significantly higher amounts of N2O produced at 90% WFPS in the 
sandy loam soil can only be attributed to denitrification.  
 The application of RB significantly reduced N2O emissions under both 
aerobic and anaerobic conditions. The reduction in N2O emissions during the second 
30 days after N fertilisation ranged between 42% and 64% and were of the same 
order of magnitude as those documented in previous studies (van Zwieten et al., 
2010b; Zhang et al., 2010; Wang et al., 2011b; Zhang et al., 2012a; van Zwieten et 
al., 2013). Whilst lower N2O emissions from soil amended with biochar has 
previously been considered the result of N immobilisation (Lehmann et al., 2006; 
van Zwieten et al., 2009), in this study the addition of mineral N ensured levels of 
both NH +4  and NO −3 remained high. This supports the assertion that the highly 
resistant nature of the RB provides little bioavailable C to fuel the denitrification 
process. The results showed decreased mineralisation (a negative priming effect) in 
soil amended with RB, enhancing SOC preservation.  
 The effects of the addition of CR on N2O emissions were dependent on soil 
chemical properties (pH and CEC), and were particularly influenced by the initial 
mineral N levels of the soils. The incorporation of CR resulted in an increase in N2O 
emissions in the soil with high moisture, nitrate and decomposable C availability. 
Denitrification is optimised under these conditions, and the addition of CR has been 
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 shown to stimulate the process further by providing additional substrate and creating 
anaerobic micro sites through increased soil respiration (Velthof et al., 2002; 
Lehtinen et al., 2014). In contrast, in soil with a low initial concentration of NO −3 , 
N2O emissions declined following the addition of CR. These results suggest that 
when soil mineral N availability is low, the incorporation of CR increases the 
immobilisation of available NO −3 , limiting denitrification and therefore reducing 
N2O emissions.  
CH4 emissions 
 The application of OAs with a high C/N ratio stimulated CH4 emissions 
under high soil moisture conditions. Methane is produced under anaerobic conditions 
and consumed (i.e. oxidised) when the soil is aerobic. The effects of changes in soil 
moisture were evident in the sandy loam soil. At 60% WFPS, all treatments showed 
CH4 consumption but when WFPS increased to 75%, CH4 consumption decreased 
and CH4 emissions markedly increased in soil amended with MM. In this treatment, 
CH4 emissions were one hundred times higher at 90% WFPS compared to those at 
75% WFPS. However, in the pot trial in which water content varied between 55% 
and 80% WFPS, CH4 emissions and consumption were balanced and the CH4 
emissions were negligible. Previous studies have shown a negative relationship 
between soil water content and CH4 oxidation (Dobbie and Smith, 1996; Singh et al., 
1998; 1999; Whalen et al., 2000). It is likely that the high decomposable C content of 
the mill mud supplied a readily available C energy source for methanogenic bacteria 
(Segers, 1998). When soil moisture increases, oxygen becomes limited and the 
anaerobic conditions limit the activity of methanotrophic bacteria. To prevent CH4 
production, it is recommended that highly decomposable OAs such as MM should 
not be applied to soils which will be under irrigation for extended periods or have a 
high potential for water logging under normal rain-fed conditions. 
7.1.2 Fertiliser nitrogen use efficiency 
 The application of OAs changed soil properties, affecting the availability of 
N in the soil environment. Improving the fertiliser NUE requires management 
strategies which either increase N uptake or capture N in the organic materials 
160 Chapter 7: General Discussion and Conclusions 
  
resulting in a slower rate of mineralisation. Incorporating organic materials with high 
C/N ratio can increase immobilisation of N and may reduce the loss of N. In both the 
field and pot trials, the application of OAs immobilised N resulting in the crop N 
uptake being lower in treatments amended with OAs compared to that of the control 
(UN). 
 The application of OAs did not increase fertiliser NUE in maize compared to 
the control. Fertiliser NUE in treatments with MM, CM and HC in maize was lower 
than the control although the decrease was not significant because crop N demand 
was met by two sources of mineral N; synthetic N fertiliser and the mineralisation of 
the OAs. The high C/N ratio of OAs resulted in the observed immobilisation of N 
following synthetic N fertiliser application to soil. The observed fertiliser NUE rates 
were also high considering that a single N application of 200 kg N ha-1 was used in 
our trial and N recovery tends to decrease with increasing fertiliser application rates 
(Barbieri et al., 2008).  
 The application of rice husk biochar did not improve fertiliser NUE. The 
hypothesis that RB will increase fertiliser NUE was not supported. The experimental 
period of 91 days in the pot trial may not have been long enough for the biochar to 
promote any change in the soil properties or microbial activity in the soils. The 
application of OAs such as compost is considered an environmentally safe and 
agronomically advantageous option to promote soil microbial activity (Ros et al., 
2006) whereas the application of biochar has been shown to cause a decrease in soil 
microbial activity in the short term (van Zwieten et al., 2010a). Microbial activity 
influences the size of the pool of available N as the amount of N required for 
microbial growth and maintenance changes over time (Finzi et al., 2007). High 
fertiliser NUE was evident in the pot trial because mineral N leachate was collected 
and returned to the pot, reducing leaching losses from the root zone. The current 
results are therefore at the upper level of NUE reported for agricultural crops, 
ranging from 30% to 78% (Broadbent and Carlton, 1978; Kirda et al., 2001).  
 The application of rice husk biochar did not affect the soil mineral N content 
but significantly increased N uptake in maize in a sandy loam soil with high initial 
nitrate concentration (Soil 3). The increased N uptake following RB application is 
consistent with the earlier work of Zhang et al. (2012b) who found that increased 
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 biochar rates significantly increased N uptake in maize. Results in this study suggest 
that the increased N uptake in treatments applied with biochar can partly be 
explained by reduced gaseous N losses and increased N retention. 
 Reducing N loss is a major challenge for improving fertiliser NUE in 
agricultural production. In the pot trial, total N loss (including N2O) was 3.5% of the 
applied N and leaching was negligible (as any leached N was returned to the pots) 
(Paper 4). In contrast, in the field trial up to 30% of the applied N fertiliser was lost. 
The soil at the field trial site was coarse textured, was only 4m above sea level and 
under tidal influence with a high probability that water soluble N (such as NO −3 ) was 
leached from the soil profile. This N loss pathway would have been enhanced by a 
heavy rainfall (200 mm) event not long before harvesting and soil sampling. The fact 
we observed high nitrification rates (and NO −3  concentrations) in the incubation 
experiments in soils amended with MM, CM and HC confirms that leaching was 
likely to be a major N loss pathway.  
  
7.1.3 Benefits associated with the application of OAs on agricultural 
productivity and the environment 
 The primary purpose of applying OAs is to reuse and recycle organic 
materials for supplying nutrients, improving soil health and increasing crop 
productivity. Soil biological, physical and chemical properties can be improved 
through the application of OAs (Zebarth et al., 1999; Spiertz and Ewert, 2009; Zhao 
et al., 2009). Organic amendments provide an energy source for heterotrophic 
bacteria, promoting microbial activity and the build-up of soil organic matter (SOM) 
(Bot and Benites, 2005). Soil organic matter is negatively charged and adsorbs 
positively charged ions, effectively retaining plant nutrients so that they can be 
released or exchanged in soil (Verheijen et al., 2010; Widowati et al., 2011). The 
larger area of negatively charged surfaces afforded by an increase in SOM leads to 
higher CEC, improving soil fertility (Chan et al., 2008; Peng et al., 2011; Widowati 
et al., 2011). The application of OAs has the capacity to buffer changes in soil pH, 
and OAs have also been shown to increase pH to levels more favourable to crop 
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growth in acidic soils (Naidu and Syers, 1992; Whalen et al., 2000; Amiri and 
Fallahi, 2009; Yuan et al., 2011). The addition of OAs can also influence the 
mineralisation and immobilisation processes, resulting in the temporary 
immobilisation of N following the application of amendments with higher C/N ratios 
(Bot and Benites, 2005).  
In this study, significant increases in CEC were found only after the addition 
of the OAs with relatively low C/N ratios, namely the high N compost and 
composted mill mud. These results are consistent with previous studies which have 
looked at the effect of OAs on soil properties in the short-term (weeks) and no 
significant changes on CEC were observed (Whalen et al. 2000). A significant 
change in pH was only observed after the application of highly alkaline rice husk 
biochar (pH 9). This finding supports the earlier work of Masulili et al. (2010) 
advocating the use of RB as a substitute for lime minerals to increase the pH of 
acidic soils. Whilst the effects of the addition of OAs on soil properties were limited 
in this study, it is likely that repeated applications over a long-term trial would result 
in a greater impact (Shiralipour et al., 1992).  
With the exception of the high N compost treatment in the field experiment, 
there was no increase in yield or biomass production in the short-term trials 
following the application of OAs, presumably due to increased N immobilisation. 
Despite this observation, OAs could potentially improve crop growth in subsequent 
years due to an improvement of soil properties and reduction of N losses leading to 
increased agricultural productivity. The slower release of nutrients afforded by the 
application of OAs could increase plant nutrient uptake and improve crop yield (Bot 
and Benites, 2005). In contrast to previous research, no significant effects were found 
regarding the application of RB on biomass production in this study. Again, the short 
duration of the study (91 days) may not have been adequate to see improvements in 
soil properties as a result of RB application reflected in biomass production.  
 The application of OAs increases SOM, improving soil structure and leading 
to an increase in nutrient retention (Weil and Magdoff, 2004). The addition of OAs 
has the potential to increase the N storage capacity of soils, reducing N losses from 
leaching and N2O production (Vaughan et al., 2010). As discussed previously, the 
results of this study found the application of rice husk biochar to be effective in the 
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 mitigation of N2O emissions. However, due to the addition of mineral N this 
reduction was attributed to a decreased availability of C substrate for the 
denitrification process rather than N immobilisation.  
Further, the use of OAs in the field experiment did not appear to alter the 
total amount of fertiliser N crop uptake in this study. Despite this, the results indicate 
that OAs with a high mineral and organic N content can supply significant amounts 
of plant available N, allowing for reduced fertiliser N application rates which may 
improve NUE in subtropical agroecosystems.  
 The incorporation of OAs results in higher levels of SOM, promoting 
increased microbial activity, diversity of soil biota and soil aeration, which in turn 
enhances nutrient uptake in cropping systems. Increasing SOM can also improve soil 
functions such as nutrient cycling, water holding capacity and resilience to erosion 
(Weil and Magdoff, 2004). However, the effect of OAs is impacted by climate and 
initial soil physical and chemical properties. Climatic conditions which control 
temperature and water content have significant effects and the N availability and clay 
content of the soil also have a major influence on the response to OA application. 
 Climate conditions may affect the response of OAs in both soils and crops. 
Soil moisture content had a significant effect on the microbiological and chemical 
processes related to mineralisation, nitrification, denitrification and nutrient release 
overall. Evidence of these effects can be seen by the increased N2O and CH4 
emissions in response to soil moisture.  
Therefore, the effective management of OA application plays an important role 
in the mitigation of GHG emissions. It is recommended that the use of OAs be 
restricted to upland soils rather than low-land as the latter are more susceptible to 
waterlogging, stimulating denitrification (Dalal et al., 2003). The results of this 
research also suggest that the application of composted as opposed to raw MM is 
more effective in GHG mitigation.  
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7.2 IMPLICATIONS 
 These results highlight that agro-industrial by-products such as MM, CM and 
HC should be applied to soils to increase the supply of N, improve soil properties 
and potentially increase crop growth in subsequent years. The impact of OAs on 
GHG emissions was affected by soil chemical properties, soil moisture level and the 
nutrient profile of the specific OA applied. Clay content, CEC, pH and mineral N 
directly affected N2O emissions and N loss. Peak N2O emissions occurred under high 
soil moisture conditions due to increased denitrification. Under low soil moisture 
conditions CO2 emissions were elevated due to C decomposition. Therefore, to 
achieve agronomic and environmental advantages, agro-industrial by-products need 
to be applied using effective management practices.  
First, the application of these by-products needs to be restricted in 
waterlogged conditions to avoid denitrification. Incorporating OAs in soil under low 
moisture conditions inhibits N loss via N2O emissions. Organic amendments with a 
high C/N ratio such as MM are suitable for application in clay soils with moisture 
levels up to 75% WFPS. Second, it is recommended that raw organic materials be 
composted to reduce the volume and increase the quality of the amendment prior to 
application. The composting process reduces the moisture level, mineral N content 
and decomposition rate of the composted material, decreasing the likelihood of the 
application of OAs having adverse effects on GHG emissions. Finally, the results of 
this study indicate that the impact of OAs on GHG emissions is dependent upon the 
physical and chemical properties of both the soil and the specific OA applied. 
Therefore, it is necessary to have adequate knowledge of both the initial soil 
conditions and the nutrient profile of the amendment in question to make an accurate 
assessment regarding the impact of its application.  
 The incorporation of CR plays multiple roles in mediating soil N2O emissions 
and serves as an organic C substrate for microbial growth which stimulates N 
assimilation. Rice husk biochar improves soil chemical properties, mitigates N2O 
emissions and may reduce N loss due to increasing N assimilation. These results 
have important implications for South Asian countries where rice is a staple food and 
the most important crop grown in the region. This research highlights the potential 
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 utilisation of rice by-products for improving soil quality and mitigating GHG 
production in subtropical agricultural systems.  
The use of agricultural residues, agro-industrial residues and biochar as soil 
amendments holds significant potential for mitigating GHGs and improving NUE in 
subtropical cropping systems. The evaluation of agro-industrial by-products as a 
sustainable N source with environmental benefits is of great relevance in countries 
where agricultural production and export are essential to the economy. In this 
research, the partial replacement of synthetic N fertiliser by OAs significantly 
reduced net N2O emissions. However, longer-term studies are required to adequately 
assess the effect of OAs on biomass production and NUE in order to translate these 
findings into fertiliser rate recommendations.  
 
7.3  FUTURE WORK 
 
 All experiments in this study were conducted in soils with a sugarcane 
cropping history; however a maize crop was used for the field and pot trials due to 
the extended period of time required for cane studies. Future studies should be 
conducted over a longer timeframe using a sugarcane crop, and also in a diverse 
range of soils with different cropping histories. This research was not able to identify 
the underlying mechanism responsible for reducing N2O emissions following the 
application of rice husk biochar. In addition, studies were only conducted over the 
short-term immediately following the addition of RB. Further research is required to 
assess the potential of RB in GHG mitigation over the long-term and isolate the 
mechanism responsible for reduced N2O emissions. The effect of the application of 
organic amendments takes time to be reflected in soil properties and subsequent crop 
yields. Longer-term studies would allow the full impact of the addition of organic 
amendments to be recognised. 
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7.4 CONCLUSIONS 
 
 This research investigated the environmental and agronomical implications of 
using agro-industrial by-products, agricultural crop residues and rice husk biochar as 
organic soil amendments. The application of OAs indicated two trends in N2O 
emissions. Organic amendments with a low C/N ratio produced high N2O emissions 
because the available N, together with decomposable C, promoted nitrification and 
denitrification. In contrast, the OAs with a high C/N ratio mitigated N2O emissions 
due to the reduced bioavailability of C and N immobilisation.  
 Diversifying the source of fertilisers (inorganic vs. organic) is a viable form 
of nutrient management which can reduce N losses through decreased GHG 
emissions and the improvement of fertiliser NUE. Organic amendments can be 
applied to supply nutrients, increase N uptake and mitigate GHG emissions. 
However, the impact of OAs on fertiliser NUE and reductions in GHG emissions is 
dependent on the characteristics of the soil and the specific OA applied. Although 
this research has shown that the application of OAs can mitigate GHG emissions 
under some circumstances, further research should be conducted to ensure that the 
application of these OAs does not have adverse results in the longer term. 
 The results of this research indicate great potential for the amendment of soils 
using rice husk biochar in terms of reducing GHG emissions in subtropical 
agroecosystems. The addition of rice husk biochar increased CH4 uptake in soil with 
low moisture availability and decreased CH4 emissions in soil under saturated 
conditions. In the incubation experiment, rice husk biochar decreased CO2 and N2O 
emissions under both aerobic and anaerobic conditions. In the pot trial, increased 
rates of biochar application caused a proportionate decrease in N2O emissions from 
soils following crop residue incorporation. 
 However, in this study rice husk biochar did not affect biomass production or 
fertiliser NUE. This result is in contrast to the literature which suggests an 
improvement in agricultural productivity following the application of biochar. The 
results of this study indicate that rice husk biochar can be used for reducing GHG 
emissions and improving soil properties but it has no effect on crop growth. 
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 However, the improvement in soil properties afforded by the application of OAs may 
enhance crop growth in subsequent years. 
 In the field experiment, the application of raw MM resulted in the lowest 
kernel yield whereas the composted MM increased both straw and kernel yields. The 
addition of raw MM may have caused N immobilisation, resulting in a shortage of 
available N during the kernel development stage. Differences between raw MM and 
composted MM were also seen in the magnitude of N2O emissions. In the incubation 
experiment, after the application of fertiliser N at day 30 N2O emissions increased in 
the raw MM treatment as compared to the composted MM.  
 Crop residue incorporation increased N2O emissions and decreased biomass 
production. Crop residues should be composted before application, or incorporated 
into soils several months before applying synthetic N fertiliser to prevent N loss via 
N2O emissions. The reuse and recycling of agro-industrial and agricultural residues 
as organic amendments in subtropical cropping systems should be encouraged due to 
the agronomic potential and associated environmental benefits. The repeated 
application of organic amendments can increase the soil organic N pool, leading to N 
immobilisation and preventing N losses via leaching.  
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